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Research into bone marrow adiposity (BMA) has expanded greatly since the late 1990s,
leading to development of new methods for the study of bone marrow adipocytes.
Simultaneously, research fields interested in BMA have diversified substantially. This
increasing interest is revealing fundamental new knowledge of BMA; however, it has also
led to a highly variable nomenclature that makes it difficult to interpret and compare
results from different studies. A consensus on BMA nomenclature has therefore become
indispensable. This article addresses this critical need for standardised terminology and
consistent reporting of parameters related to BMA research. The International Bone
Marrow Adiposity Society (BMAS) was formed in 2017 to consolidate the growing
scientific community interested in BMA. To address the BMA nomenclature challenge,
BMAS members from diverse fields established a working group (WG). Based on their
broad expertise, the WG first reviewed the existing, unsystematic nomenclature and
identified terms, and concepts requiring further discussion. They thereby identified and
defined 8 broad concepts and methods central to BMA research. Notably, these had
been described using 519 unique combinations of term, abbreviation and unit, many
of which were overlapping or redundant. On this foundation a second consensus was
reached, with each term classified as “to use” or “not to use.” As a result, theWG reached
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a consensus to craft recommendations for 26 terms related to concepts and methods in
BMA research. This was approved by the Scientific Board and Executive Board of BMAS
and is the basis for the present recommendations for a formal BMA nomenclature. As
an example, several terms or abbreviations have been used to represent “bone marrow
adipocytes,” including BMAds, BM-As, and BMAs. The WG decided that BMA should
refer to “bone marrow adiposity”; that BM-A is too similar to BMA; and noted that “Ad”
has previously been recommended to refer to adipocytes. Thus, it was recommended
to use BMAds to represent bone marrow adipocytes. In conclusion, the standard
nomenclature proposed in this article should be followed for all communications of results
related to BMA. This will allow for better interactions both inside and outside of this
emerging scientific community.
Keywords: nomenclature, bone marrow adiposity, bone marrow adipose tissue, bone marrow adipocyte, skeletal
stem cells, histomorphometry, MRI, computed tomography
INTRODUCTION
Bone marrow adiposity (BMA) is the phenomenon of fat storage
within the bone marrow (BM). Several different cell types within
the skeleton are capable of lipid uptake, including haematopoietic
stem cells and osteoblasts (1–3). However, BM adipocytes are the
principal cell type responsible for this BM fat storage. Studies
relating to BMA have been published since at least the mid-
nineteenth century, yet for much of the twentieth century there
was relatively little research in this field. However, the past
20 years have seen a resurgence of interest in this topic: even
as publication rates have grown across all fields, publications
relating to BMA are increasing at an even greater rate (Figure 1).
While the earliest studies of BM adipocytes focused on their
roles in haematopoiesis, the field has since expanded to include
many other disciplines, including skeletal biology, endocrinology
and metabolism, stem cells, cancer biology, ageing, biomedical
imaging, and beyond. This multidisciplinary nature is one of
the strengths of the burgeoning BMA research community;
however, it has also contributed to increasing variability in
the terminology used in the BMA literature (Figure 1). This
is leading to confusion and risks hindering progress in this
field. Therefore, there is a need for a standardised nomenclature
to facilitate communication between researchers from different
fields, and to provide a foundation and consensus for future
research relating to BMA.
The challenges for BMA nomenclature were first discussed
in 2017 at the Third International Meeting on Bone Marrow
Adiposity in Lausanne, Switzerland (4). To address this challenge,
members of the International Bone Marrow Adiposity Society
(BMAS), representing diverse fields, established a Nomenclature
Working Group (WG). The authors of this manuscript represent
the Nomenclature WG of BMAS. Our WG has since met several
times, including via teleconference and in person, to identify
the present state of nomenclature relevant to BMA research and
to identify recommended terms, abbreviations and units for a
standardised nomenclature. As stated in a previous nomenclature
FIGURE 1 | Growth in publications and terminology related to bone marrow
adiposity. The number of publications and unique terms relevant to the study
of bone marrow adiposity (BMA) are shown, arranged by decade of
publication. Also shown is the total number of papers indexed in PubMed for
each time period. Publications relevant to BMA were identified through a
systematic search of PubMed using the following terms: “marrow[Title] AND
(fat[Title/Abstract] OR adipose[Title/Abstract] OR adipocyte[Title/Abstract] OR
adiposity[Title/Abstract])”; publication dates up to 31/07/2019 were included.
Because earlier studies (e.g., pre-1950) are often not indexed in PubMed,
many of these papers were added manually based on our existing knowledge
of the literature. Search results were then manually assessed to identify
publications relevant to the study of BMA and to exclude results that were not
directly relevant. This was necessary because many results related to other
subjects, such as fat embolisms of bone marrow or, from 2000 onwards,
adipose tissue stem cells. This approach identified 568 papers relevant to
BMA nomenclature. By reading these papers, we distinguished the full range
of terms that have been used to report concepts and/or measurements related
to BMA research. If terms were associated with an abbreviation and/or unit of
measurement, these were also recorded. Together, this generated a list of 519
unique combinations of term, abbreviation and unit; if two papers used the
same term (e.g., bone marrow adipocyte) but with different abbreviations or
units (e.g., BMAd vs. BM-AD), then these were counted as two unique terms.
The number of papers and unique terms used per decade are shown. Key
concepts and methods are described in Table 1, and terms related to these
are presented in Tables 2–9. Further details are provided in
Supplementary Tables 1–8.
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position paper for bone histomorphometry (5), “Our purpose is
not to encourage or discourage the use of abbreviations and symbols
but to ensure that the same ones are used by everybody.”
PUBLICATIONS AND TERMINOLOGY FOR
THE STUDY OF BONE MARROW
ADIPOSITY: HISTORICAL PERSPECTIVES
The existence of adipocytes as a major component of the BM
has been noted since at least the 1860s, when Bizozzero and
Neumann independently identified BM as the site of blood
production (6, 7). In his seminal 1875 book on histology, Ranvier
noted that caudal vertebrae of tailed animals are full of fat
(8), further confirming that fat is a constituent of normal BM
anatomy. Thereafter, references to fat cells, “yellow marrow”
and “yellow adipose tissue” within the BM can be found not
only in the writings of Neumann (9), but also in contemporary
English-language works on pathology and BM anatomy (10, 11).
Indeed, Coats noted that the BM is a place “where normally
adipose tissue exists” (10). Use of the term “yellow marrow”
underscored its distinction from the “red marrow” in which
haematopoiesis occurs.
Piney’s excellent 1922 paper summarised these earlier studies
of BM anatomy but used the term “fatty marrow” instead of
“yellow marrow” or “yellow adipose tissue” (12). Both “fatty
marrow,” “yellowmarrow,” and “yellow bone marrow” continued
to be used interchangeably in the 1930s, sometimes being
combined into the term “yellow fatty marrow” (13–19) or
“yellow fat” (15). These and other contemporaneous studies
continued to highlight the existence of “fat cells” in histological
BM sections (15, 16, 18–21) but the term “adipocyte” is rarely
used, and some papers ignore this cellular nature by instead
referring to “fat spaces,” (22). Still other studies mention BM
fat cells without referring to “fatty marrow” or “yellow marrow”
(20, 21), and vice versa (17). Thus, in the 1930s it seems
that BM adipocytes were not yet considered as an integrated
adipose tissue.
In the latter half of the 1930s and the early 1940s, the term
“bone marrow fat” begins to appear, often used alongside “fatty
marrow” and “yellow marrow” (19, 23). The term “red marrow
fat” was also used in contrast to “yellow marrow fat” (23); this
demonstrates recognition that adipocytes also exist in the red
marrow, and that these may have different properties to those
within the yellow marrow. Hilditch and Murti further noted that
the “bone marrow fat” of oxen shares properties of perinephric
adipose tissue (23), presaging later suggestions that adipocytes
within BM might constitute a bona fide adipose tissue (24).
Nevertheless, the notion of marrow fat as an adipose tissue was
not reiterated until the mid-1950s when Evans et al. suggested
that marrow fat is essentially a fat depot, based on its similar
lipid composition to perinephric adipose tissue (24). This period
also sees the first use of more-quantitative histomorphometric
analyses (25, 26), although it is not until the late 1980s that this
would become widespread.
From the mid-1950s to mid-1960s the use of “marrow fat”
became far more prevalent (24, 27–30), largely replacing “yellow
marrow” as the term of choice. One notable exception is the 1967
study by Zakaria and Shafrir (31), who introduced the acronym
“YBM” to refer to yellow bone marrow. They showed that, like
white adipose tissue (WAT), YBM is capable of uptake and
esterification of glucose and free fatty acids, as well as lipolysis for
fatty acid release. Based on this, they concluded that YBM could
be considered an adipose tissue. This period also includes one
of the earliest uses of “marrow adiposity” (32), a term that has
become increasingly prevalent in the past two decades (Table 2).
The 1970s saw increased interest in BMA, with notable growth
in both the number of publications and the range of terms
used therein (Figure 1). The terms “bone marrow adipose tissue”
and “bone marrow adipocyte” first appear in the mid-1970s
(33, 34), with another obvious shift being the increasing use of
“marrow adipose cells,” “marrow adipocytes,” “marrow adipose
tissue,” or “bone marrow adipose tissue” (33–45). This may
reflect the growing recognition of BM adipocytes, collectively,
as an integrated adipose tissue. However, many contemporary
papers continued using “fatty marrow,” “yellow marrow,” and
“marrow fat” (46–51), and in some cases a mixture of all of
these terms can be found within a single paper (52). Thus, the
increased study of BMA did not coincide with any consensus or
standardisation of the nomenclature used. The late 1970s also saw
the use of terms to specify anatomical location, such as “femoral”
or “vertebral adipose cell” (40), or “proximal” and “distal” to
describe marrow fat and red marrow (51). As we discuss herein
in the section on Subtypes of Bone Marrow Adipocytes, terms
addressing the site-specific properties of BM adipocytes are an
important aspect of the standardised nomenclature for BMA
research (Tables 1, 6).
The number of BMA-related publications and terms
continued to increase in the 1980s (Figure 1), with one
notable development being the emergence of new methods
for quantitative assessment of BMA. These include magnetic
resonance imaging (MRI) (53–57), computed tomography
(CT) and dual-energy CT (58–61), and advances in
histomorphometric analysis (62–64). Typically, these methods
provide readouts of the fraction of BM consisting of fat or
adipocytes, as reflected by use of terms such as “fat fraction” (56),
“fat content” (57–59, 61, 65), and “adipose tissue fraction” (63).
These method-related terms often are associated with units of
measurement, although the units used frequently vary between
studies. This theme has persisted in more-recent BMA research,
with numerous combinations of terms, abbreviations, and
units applied to the same measurement (Tables 7–9). Thus, an
important goal of our proposed nomenclature is to standardise
the terminology used in reporting common measurements in the
BMA field.
In the 1990s there was further growth in the number of terms
used, despite a slight decrease in publications (Figure 1). This
suggests an increasing diversity and continued lack of consensus
for BMA nomenclature. Studies using histomorphometry orMRI
became increasingly prevalent, with proton magnetic resonance
spectroscopy (1H-MRS) also emerging as a powerful tool for
BMA quantification (Tables 7, 8). The 1990s also saw an
increased focus on progenitors for BM adipocytes, exemplified
by references to “bone marrow stromal cells” (Table 6).
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TABLE 1 | Key concepts and methods in the field of bone marrow adiposity.
Concept or method Definition Recommended terms and abbreviations Further
details
Bone marrow
adiposity
The phenomenon of fat storage within the bone marrow
(BM), primarily within BM adipocytes.
• Bone marrow adiposity (BM adiposity; BMA)
• Yellow marrow; red marrow; fatty marrow (Not abbreviated)
Table 2
Bone marrow
adipocytes
The cells within the BM whose primary function is lipid
storage.
• Bone marrow adipocyte (BM adipocyte; BMAd) Table 3
Bone marrow
adipose tissue
The functionally integrated tissue formed collectively by
BM adipocytes
• Bone marrow adipose tissue (BMAT)
• Bone marrow fat (BM fat)
Table 4
Site-specific
differences (BMAd
subtypes)
The concept that BM adipocytes have distinct
morphological, molecular and functional characteristics,
depending on their skeletal location. This may also apply to
BMAd progenitors.
• Constitutive or Regulated BMAT or BMAd (cBMAT, cBMAd;
rBMAT, rBMAd)
• Use “distal” or “proximal” to denote BMAT or BMAd location
within long bones; and bone-specific terms to denote skeletal
site (e.g., femoral, tibial, vertebral, etc…)
Table 5
Stem and progenitor
cells
The self-renewing, multipotent progenitor cells within the
BM that give rise to adipocytes, osteoblasts,
chondrocytes, and fibroblasts.
• Skeletal stem cell (SSC)
• Bone marrow stromal cell (BMSC)
• Do not refer to bone marrow/mesenchymal “stem” cells (this
is a misnomer)
Table 6
Histo-morphometry Use of histomorphometry to quantify bone marrow
adiposity, either on a per-adipocyte level (e.g., Ad.Ar,
Ad.Dm, Ad.Pm)* or a whole-tissue level (e.g., adipocyte
density, adipose area, adipose volume).
• Adipocyte area (Ad.Ar, µm2)
• Adipocyte diameter (Ad.Dm, µm)
• Adipocyte perimeter (Ad.Pm, µm)
• Adipocyte density or Adipocyte Number* (N.Ad relative to
Ma.Ar, Ma.V, T.Ar or TV)
• Adipose area* (Ad.Ar relative to Ma.Ar, T.Ar; report as %)
• Adipose volume* (Ad.V relative to Ma.V or TV; report as %)
Table 7
Magnetic resonance
imaging or
spectroscopy
(MRI/MRS)
Use of proton-based MRI/MRS to quantify the proportion
or absolute amount of fat within the BM. Typically in vivo,
volumetric measurements.
• Fat fraction (FF, %)
• Bone marrow fat fraction (BMFF, %)
• Proton density fat fraction (PDFF, %)
Table 8
Computed
tomography
Use of CT to estimate BM fat fraction, or µCT to measure
BMAT volume or BMAd density. Typically done ex vivo
using contrast agents but can also be done in vivo.
• FF (%) or BMFF (%)
• Adipose area per marrow area*(Ad.Ar/Ma.Ar, %)
• Adipose volume per marrow volume* (Ad.V/Ma.V, %)
• Adipocyte density* (N.Ad/Ma.V or N.Ad/M.Ar)
Table 9
These concepts and methods were identified through a systematic literature search, as described in the legend to Figure 1. The recommendations include 26 unique terms and 35
abbreviations. Abbreviations used in this table (*) are defined as follows: N.Ad, adipocyte number; Ad.Ar, total adipocyte area; Ad.V, total adipocyte volume; Ma.Ar, marrow area; Ma.V,
marrow volume; T.Ar, tissue area; TV, tissue volume. Further details for each concept/method are provided in the indicated tables and in the main text.
The numbers of BMA-related papers and terminology further
increased in the 2000s, and since 2010 this growth has been even
more substantial (Figure 1). The abbreviation BMAT, for “bone
marrow adipose tissue,” first appears in 2007 (66), preceding
the first use of MAT (“marrow adipose tissue”) in 2012 (67);
each of these abbreviations is now widespread in the BMA
literature (Table 3). Similarly, “bone marrow adiposity” first
appears in 2002 but has become increasingly prevalent ever
since (68) (Table 2). The past two decades have also witnessed
the development of new methods for BMA analysis, including
µCT of osmium tetroxide-stained bones (69, 70) and advances
in MRI/MRS-based quantitation (71). These developments
therefore have led to the introduction of additional new terms
related to such methods (Tables 7–9). Many other notable terms
have also emerged in the BMA literature during this period,
such as SSC (for “skeletal stem cell”) (72) (Table 6), and use
of “regulated” and “constitutive” to distinguish distinct BMAT
subtypes (73) (Table 5). Given the vast number of terms used
since 2000, it is not possible to succinctly summarise all of the
key developments in these paragraphs. Therefore, readers should
consult Tables 1–9, and further data in the Supplement, for a
full overview of the nomenclature used in the BMA literature
to date.
KEY CONCEPTS AND GOALS FOR A
STANDARDISED NOMENCLATURE
This historical overview is based on our systematic search of
PubMed (Figure 1) and our knowledge of other less-accessible
papers. Thus, references to the “first use” of a term apply only
to this extensive body of BMA-related literature; because some
relevant publications may have been missed, some terms may
have even earlier uses. Nevertheless, these historical perspectives
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TABLE 2 | Summary of terms and abbreviations that have been used to refer to bone marrow adiposity, yellow marrow, fatty marrow, or red marrow.
Term Abbreviation Year first used* No. of papers using this term* Recommended term(s) and abbreviation(s)
BONE MARROW ADIPOSITY
Marrow adiposity – 1967 119 Bone marrow adiposity (BM adiposity, BMA)
Bone marrow adiposity – 2002 78
BM adiposity 2011 12
BMA 2013 9
BMAT 2017 1
Bone adiposity – 2009 4
YELLOW MARROW
Yellow marrow – 1883 109 Yellow marrow (No abbreviation)
YM 2010 1
Yellow bone marrow – 1936 23
YBM 1967 2
Yellow BM 1996 2
YM 2019 1
Yellow fatty marrow; yellow fatty bone
marrow; yellow fat marrow
– 1933 7
FATTY MARROW
Fatty marrow – 1922 82 Fatty marrow (No abbreviation)
Fatty bone marrow – 1990 7
Fatty BM 2008 1
Fatty yellow marrow – 2013 7
RED MARROW
Red marrow – 1883 122 Red marrow (No abbreviation)
RM 2010 2
Red marrow (active marrow) – 2003 1
Red bone marrow – 1922 21
Red BM 1996 2
RM 2019 1
RBM 2015 2
h(a)em(at)opoietic marrow – 1936 24
OTHER TERMS (SEE SUPPLEMENTARY TABLE 1)
Relevant terms and abbreviations were identified through a systematic search of the literature relating to bone marrow adiposity. Within these search results, the total number of papers
using each term/abbreviation combination is indicated, along with the year that these were first used; asterisks (*) are shown to emphasise that other uses may exist. For most terms,
no abbreviation is used (–). Based on this and other considerations (described in the main text), we recommend use of the term bone marrow adiposity (abbreviated as “BM adiposity”
or “BMA”). Use of the terms “yellow marrow,” “fatty marrow” or “red marrow” is also acceptable, given the long-term use of these terms in the BMA literature. Red marrow is in some
cases described as hematopoietic marrow, hemopoietic marrow, haematopoietic marrow or haemopoietic marrow; for simplicity, we have grouped together papers using these spelling
variants. Terms specific to measurements of bone marrow adiposity, such as “fat fraction” or “fat content,” have not been included and are shown instead in Tables 6–8. Additional
terms and abbreviations, as well as references for papers using each combination, are provided in Supplementary Table 1.
on the BMA literature provide an essential foundation on which
to establish a standardised nomenclature for studies relevant
to BMA. The two major benefits of this literature review are
as follows.
Firstly, we show that the existing BMA literature uses a
highly diverse, heterogeneous terminology to report concepts
and measurements relevant to BMA. As shown in Figure 1, the
rate of publications within the BMA literature has increased
dramatically in the past decade, reflecting the growing interest
in this topic; however, the number of unique terms is growing
even more quickly (Figure 1). Thus, since the 1990s, there
has been an increasing diversity and lack of consensus for
nomenclature relating to BMA research. Indeed, new terms
continue to be proposed to this day (74). It is likely that research
into BMAwill continue expanding, and therefore it is essential to
adopt a standardised nomenclature to provide a foundation and
consensus for this growing field.
Secondly, reviewing the history of BMA research has
identified key concepts and methods relevant to studies of
BMA (Table 1). A standardised nomenclature must therefore
incorporate terms, abbreviations and units related to these
concepts and methods.
The following sections provide further discussion of
the nomenclature for each of these, concluding with
recommendations for the terms, abbreviations and units to
be used in future reports of BMA research.
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TABLE 3 | Summary of terms and abbreviations used to refer to bone marrow adipocytes.
Term Abbreviation Year first used* No. of papers using this term* Recommended term(s) and abbreviation(s)
BONE MARROW ADIPOCYTE
Adipocyte – 1981 39 Bone marrow adipocyte (BM adipocyte, BMAd)
AC 2018 1
Adipose cell – 1971 16
Adip 2005 1
Bone adipocyte – 1981 6
Marrow adipocyte – 1978 105
Marrow adipose cell – 1971 8
Bone marrow adipocyte – 1976 100
BM adipocyte 1995 30
BMA 2016 17
BMAd 2019 2
MAT adipocyte 2015 6
BMAT adipocyte 2018 3
BM-A 2013 2
BM-AD 2018 2
Marrow AC 2016 1
Bone marrow adipose cell – 1974 3
Marrow-associated adipose cell – 1974 1
Medullary adipocyte – 2010 1
Skeletal adipocyte – 2015 1
Yellow adipocyte – 2019 1
BONE MARROW FAT CELL
Fat cell – 1893 48 Don’t use
FC 1935 1
Fatty cell – 1985 3
Marrow fat cell – 1931 14
Bone marrow fat cell – 1966 10
BM fat cell 1998 1
Fat-containing cell – 1980 2
FCC 1983 1
OTHER TERMS (SEE SUPPLEMENTARY TABLE 2)
Data are presented as described for Table 2; asterisks (*) are shown in the column headers to emphasise that other uses may exist.
Based on this and other considerations (described in the main text), we recommend use of the term bone marrow adipocyte, abbreviated as BM adipocyte or BMAd. Terms related to
measurements of bone marrow adipocytes, such as “adipocyte density,” have not been included and are shown instead in Tables 6–8. Additional terms and abbreviations, as well as
references for papers using each combination, are provided in Supplementary Table 2.
NOMENCLATURE RECOMMENDATIONS
Bone Marrow Adiposity
We define bone marrow adiposity as “The phenomenon of fat
storage within the BM, primarily within BM adipocytes.” This
can be considered an overarching concept for the field: it is the
central theme that links several diverse disciplines, including
haematology, bone biology, metabolism, endocrinology, stem
cells, developmental biology, oncology, gerontology, and beyond.
Given the centrality of this concept, we think it is important to
provide both a clear definition and a standardised abbreviation
for use in future studies. The abbreviation “BM adiposity”
is recommended because “BM” is already used across the
biomedical literature to refer to bone marrow, and therefore
“BM adiposity” should be widely understandable. However,
we also recommend the abbreviation “BMA” for two reasons:
firstly, this abbreviation for “bone marrow adiposity” has become
increasingly common in the literature since its first use in 2013
(Table 2); and, secondly, “BMA” is now recognised for this
meaning through its use in the name BMAS (the International
Bone Marrow Adiposity Society) and in the names of the
five international meetings devoted to this topic (BMA2015–
BMA2019) (4, 75, 76). It is important to note that BMA has also
been used as an acronym for “bone marrow aspiration” (77) and
“bone marrow aspirate” (78); however, the increasing use and
recognition of BMA to refer to bone marrow adiposity should
minimise any confusion with these other uses.
In considering the concept of BMA, it is essential to also
highlight the terms “yellow marrow,” “fatty marrow,” and
“red marrow.” Each of these refers to concepts intimately
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TABLE 4 | Summary of terms and abbreviations used to refer to bone marrow adipose tissue, yellow adipose tissue, or marrow fat.
Term Abbreviation Year first used* No. of papers using this term* Recommended term(s) and abbreviation(s)
BONE MARROW ADIPOSE TISSUE
Adipose tissue – 1883 17 Bone marrow adipose tissue (BMAT)
Adipose tissue from bone marrow – 1999 1
Adipose marrow – 1991 4
Adipose marrow tissue – 2017 1
Marrow adipose – 1971 2
Marrow adipose tissue – 1971 31
MAT 2012 56
Marrow-associated adipose tissue – 1974 1
Bone marrow adipose – 1979 5
bone marrow adipose tissue – 1974 34
BMAT 2007 49
BM adipose tissue 1988 6
MAT 2014 15
BM-AT 2019 1
MARROW FAT
Marrow fat – 1954 101 Marrow fat or Bone marrow fat (BM fat)
MF 2008 3
Bone marrow fat – 1936 80
BM fat 2002 3
BMF 2007 11
MF 2014 1
Medullary fat – 1994 2
Bone fat – 2010 1
YELLOW ADIPOSE TISSUE
Yellow adipose tissue – 1883 2 Don’t use
YAT 2011 4
Yellow adipose – 2016 1
Yellow fat – 1933 2
Yellow adipose marrow – 2018 1
Fatty tissue – 1922 1
Fatty yellow adipose tissue – 2019 1
Bone marrow fatty tissue – 1993 1
Data are presented as described for Table 2; asterisks (*) are shown in the column headers to emphasise that other uses may exist. Based on this and other considerations (described
in the main text), we recommend use of the term bone marrow adipose tissue, abbreviated as BMAT. Use of “marrow fat” or “bone marrow fat (BM fat)” is also acceptable, given the
long-standing use of these terms in the BMA literature. References for papers using each combination of term and abbreviation are provided in Supplementary Table 3.
related to BMA and has longstanding and widespread use
in the field (Table 2). Thus, “yellow marrow” and “fatty
marrow” are used to refer to more-lipid-laden regions of
BM whereas “red marrow” refers to those regions of the
BM where adiposity is less prominent and haematopoiesis
predominates; each of these terms is also used for macroscopic
descriptions of different regions of BM, often in clinical
contexts. Although numerous variations of these three
terms have been used, “yellow marrow,” “fatty marrow,”
and “red marrow” are by far the most common (Table 2 and
Supplementary Table 1). Thus, given their widespread use,
historical significance and clinical recognition, we recommend
continued use of these terms in future studies relevant
to BMA.
Further details of these four recommended terms, and the
many terms that we recommend to avoid using, are provided in
Table 2 and Supplementary Table 1.
Bone Marrow Adipocytes
A defining feature of BMA is the storage of lipid within
bone marrow adipocytes. We define these cells as a population
of bona fide adipocytes, that is, a cell type whose main
functional and morphological characteristic is the storage and
metabolism of lipids in a single large or several smaller
triglyceride-filled vacuoles. This distinguishes adipocytes from
other cell types, such as hepatocytes and myofibers, that in
principle are also able to store triglycerides ectopically. In these
latter cells, lipid accumulation is thought of as predominantly
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TABLE 5 | Summary of terms and abbreviations used to refer to different subtypes of BMAT and BMAds.
Term used Abbreviation Year first used* No. of papers using this term* Recommended term(s) and
abbreviation(s)
CONSTITUTIVE OR REGULATED BMAT AND BMAds
Constitutive marrow adipose tissue cMAT 2014 26 Use of cBMAT, cBMAd, rBMAT, and
rBMAd is acceptable (But when
discussing subtypes, it is preferable to refer
to skeletal location of the BMAT and
BMAds)
Constitutive MAT 2017 1
Constitutive bone marrow adipose tissue cBMAT 2017 7
Constitutive BMAT 2017 2
Constitutive bone marrow adipocyte cMAT adipocyte 2015 6
cBMA 2016 7
Regulated marrow adipose tissue rMAT adipocyte 2014 26
Regulated MAT 2017 1
Regulated bone marrow adipose tissue rBMAT 2017 7
Regulated BMAT 2017 2
Regulated bone marrow adipocyte rMAT adipocyte 2015 6
rBMA 2016 8
– 2017 1
DISTAL OR PROXIMAL BMAT AND BMAds
Distal marrow adipose tissue distal MAT 2016 1 Use “distal” or “proximal” to refer to
BMAT/BMAd location within long
bones
Distal marrow fat – 1979 1
Distal tibia marrow adipose tissue dMAT 2017 1
Proximal marrow adipose tissue Proximal MAT 2016 1
Proximal marrow fat – 1979 1
Proximal tibia marrow adipose tissue pMAT 2017 1
BONE-SPECIFIC TERMS
Femoral adipose cell – 1977 1 When required, use bone-specific
terms to indicate location of BMAT or
BMAds (see text for further details)
Femur marrow fat FMF 1984 1
Tibial adipose bone marrow – 1985 1
Vertebrae adipose cell – 1977 1
Vertebral fat – 1989 1
Intravertebral bone marrow fat – 2002 1
Vertebral bone marrow fat – 2012 1
VMB fat 2017 1
Vertebral BMAT vBMAT 2018 1
Vertebral marrow fat – 2012 1
Vertebral MAT vMAT 2018 1
BMAT WITHIN RED OR YELLOW MARROW
Red marrow fat – 1940 2 Don’t use
Red bone marrow fat – 2001 2
RBM fat 2019 1
Red marrow adipose tissue rMAT 2018 2
Yellow marrow adipose tissue yMAT 2018 2
Data are presented as described for Table 2; asterisks (*) are shown in the column headers to emphasise that other uses may exist. When necessary, we recommend indicating
site-specific differences in BMAT/BMAd subtypes by referring to the skeletal site (e.g., “femoral,” “tibial,” “vertebral”) and the location within these bones (e.g., “proximal” or “distal”).
Use of “constitutive” or “regulated” is also acceptable, with the recommended acronyms being cBMAT, cBMAd, rBMAT, and rBMAd, consistent with the recommended nomenclature
for bone marrow adipocytes (BMAd) and bone marrow adipose tissue (BMAT). Further considerations are provided in the main text. References for papers using each combination of
term and abbreviation are provided in Supplementary Table 4.
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TABLE 6 | Summary of terms and abbreviations used to refer to progenitors for BMAds.
Abbreviation Term used Year first used* No. of papers using this term* Recommended term(s) and
abbreviation(s)
SSC Skeletal stem cell (SSC) 2004 12 Skeletal stem cell (SSC)
Skeletal stem cell (no abbreviation) 2004 11
Mouse skeletal stem cell (mSSC) 2015 1
human skeletal stem cell (hSSC) 2018 1
BMSC Bone marrow stromal cell 2004 20 Use BMSC to refer to bone marrow
stromal cells (see text for further
considerations)
Bone marrow mesenchymal stem cell 2013 5
Bone marrow mesenchymal stem cell 2012 1
Bone marrow stromal cell (mBMSC)** 2015 1
Bone mesenchymal stem cell 2016 1
Bone-derived marrow mesenchymal stem cell 2017 1
Bone marrow stromal cell (BM stromal cell) 2017 1
Bone marrow mesenchymal cell 2018 1
Bone marrow mesenchymal stromal cell 2018 1
Not defined 2018 1
Bone marrow mesenchymal stem/stromal cell 2019 1
MSC Mesenchymal stem cell 2003 59 Don’t use
Mesenchymal stromal cell 2012 10
Abbreviation not defined 2015 5
Human mesenchymal stem cell (hMSC) 2004 4
Bone marrow mesenchymal stromal cell 2014 4
Mesenchymal stem/stromal cell 2016 4
Marrow stromal cell 2003 3
Bone marrow mesenchymal stem cell 2015 3
Bone marrow stromal cell 2004 2
Human bone marrow stromal cell (hMSC) 2004 1
Bone marrow mesenchymal stem cell 2012 1
Mesenchymal progenitor 2016 1
Bone marrow-derived mesenchymal stem cell 2018 1
Bone mesenchymal stem cell 2018 1
BM-MSC Bone marrow mesenchymal stem cell 2013 5 Don’t use
Bone marrow mesenchymal stromal cell 2018 2
Bone marrow MSC 2017 1
Bone marrow skeletal stem cell‡ 2018 1
Bone marrow stromal stem cell‡ 2019 1
No abbreviation used (see Supplementary Table 5)
Data are presented as described for Table 2; asterisks (*) are shown in the column headers to emphasise that other uses may exist. Terms are organised by abbreviation used, and
then by frequency and date of use. Further considerations are provided in the main text. Terms used without an abbreviation, and references for papers using each combination of term
and abbreviation, are presented in Supplementary Table 5.
**mBMSC, mouse bone marrow stromal cell.
‡Although we recommend using “skeletal stem cell” and “bone marrow stromal cell,” the former should be abbreviated as “SSC” rather than “BM-MSC”; and the latter should be
described as a “stromal cell,” not a “stem cell,” and should be abbreviated as “BMSC,” not as “BM-MSC”.
pathological, presumably due to lipotoxic reactions. In addition,
haematopoietic stem cells and osteoblasts are also capable of
lipid uptake (1–3). However, unlike these other cell types, mature
adipocytes are uniquely equipped for metabolising and storing
triglycerides and intermediates of lipid metabolism and feature a
higher level of resistance to lipotoxicity. We would therefore also
recommend against use of less-specific or even colloquial terms,
including “fatty cell” or “fat cell” in a combination with the bone
marrow, as these may refer to any type of lipid-containing cell
(Table 3 and Supplementary Table 2).
A number of abbreviations to specifically define bonemarrow-
resident adipocytes have been used in the recent literature
Frontiers in Endocrinology | www.frontiersin.org 9 January 2020 | Volume 10 | Article 923
Bravenboer et al. BMA Nomenclature
TABLE 7 | Summary of terms, abbreviations, and units that have been used to report histomorphometric measurements of bone marrow adiposity.
Measurement type Year first reported* No. of papers* Recommended term(s) Recommended abbreviation(s)
and unit(s)
Adipocyte area (per
cell; mean or median)
2002 28 Adipocyte area
(mean or median)
Ad.Ar, µm2 (Showing the frequency
distribution of Ad.Ar is recommended)
Adipocyte area (total) 2015 1 Don’t use (instead report as % Ma.Ar or % T.Ar)
Adipocyte diameter
(per cell; mean or
median)
1989 25 Adipocyte diameter
(mean or median)
Ad.Dm, µm (Showing the frequency
distribution of Ad.Dm is
recommended)
Adipocyte perimeter
(per cell; mean or
median)
2002 5 Adipocyte perimeter
(mean or median)
Ad.Pm, µm (Showing the frequency
distribution of Ad.Pm is
recommended)
Adipocyte perimeter
(total; mean or median)
2015 1 Don’t use (instead report average Ad.Pm per cell, as above)
Adipocyte density
(cells per field, area, or
volume)
1990 70 Adipocyte density or
Adipocyte number
N.Ad/Ma.Ar, N.Ad/Ma.V, N.Ad /T.Ar,
N.Ad /TV. Units should be clearly
stated (e.g., cells/mm2, cells/µm2,
etc …)
Adipocyte number
(absolute N.Ad without
clearly defined referent)
1993 10 Don’t use (instead report Adipocyte density or Adipocyte number as N.Ad per referent area or
volume, as above)
Adipose area (per
field, marrow area or
tissue area)
1950 39 Adipose area or Adipose
tissue area
Report as adipose area (Ad.Ar)
relative to marrow area (Ma.Ar) or
tissue area (T.Ar). This must be
presented as %
Adipose tissue area
(absolute)
2017 1 Don’t use (instead report as % Ma.Ar or % T.Ar, as above)
Adipose volume (per
field, marrow volume or
tissue volume)
1991 29 Adipose volume or
Adipose tissue volume
Report as adipose volume (Ad.V)
relative to marrow volume (MA.V)
or tissue volume (TV). This must be
presented as %.
Adipose volume
(absolute)
1983 1 Don’t use (instead report as % Ma.V or % TV, as above)
Other Measurements (Supplementary Table 6) Don’t use
Terms are grouped based on the type of measurement reported. For each type of measurement, several different terms, abbreviations and units have been used in the literature; these
variants are shown in Supplementary Table 6. For the Year first reported and the Number of papers, asterisks (*) are shown to emphasise that other uses may exist. We recommend
that measurements of BMAd density are presented as cell number relative to the area or volume of the marrow or total tissue, and that these are reported as “Adipocyte density”;
however for consistency with the published guidelines for bone histomorphometry (5), it is also acceptable to describe this measurement as “Adipocyte number,” provided that a suitable
referent region is used. Adipocyte area (Ad.Ar; µm2 ) or volume (Ad.V; µm3) can be reported either for individual adipocytes or for the sum of all adipocytes within the regions analysed.
The former should be reported as the mean or median per adipocyte or as a distribution of adipocyte areas or volumes per sample. The latter should be reported as “Adipose area”
and presented as % relative to the area or volume of the marrow (Ma) or total tissue (T). This is consistent with the standardised nomenclature for bone histomorphometry (5), and
with our recommendations for BMA measurements based on MRI/MRS or CT (Tables 8, 9). In some instances, it may be necessary to use “Extravascular marrow” area or volume
(ExVa.Ma.Ar or ExVa.Ma.V). This and further considerations are discussed in the main text. References for papers using each combination of term, abbreviation and unit are provided
in Supplementary Table 6.
on BMA. Our recommendation is to maintain consistency
with the broader context of adipocyte biology and bone
histomorphometry, where adipocytes are commonly abbreviated
with “Ad” (5). We therefore propose the consistent use of the
terms “BMAd” or “BM adipocyte” to designate mature adipocytes
within the bone marrow (Table 3 and Supplementary Table 2).
In addition to their ability to store lipids, another important
property of BMAds is secretion of bioactive factors. This is
reminiscent of both white and brown adipocytes, which release
hormones, lipid species, cytokines, and other factors to exert local
and systemic effects (79). Collectively, such adipocyte-derived
secreted factors are known as “adipokines” and these contribute
extensively to the physiological and pathological functions of
adipose tissue (79). BMAds are also becoming increasingly
recognised for their ability to secrete adipokines and thereby
exert paracrine and endocrine functions (80). The two most
prominent adipokines are the hormones leptin and adiponectin,
which regulate energy homeostasis and have other diverse effects
(79). BMAds express and secrete leptin both in primary culture
and after in vitro differentiation from human bone marrow
stromal cells (BMSCs) (81–83). BMAds also express and secrete
adiponectin and might influence circulating concentrations of
this adipokine (80, 84, 85). This suggests that BMAds might have
endocrine functions.
BMAds also secrete many other endocrine and paracrine
factors, including RANKL (86–88), DPP-4 (89), and stem cell
factor (SCF) (90); cytokines such as interleukin-6 (IL-6), IL-3, IL-
8, tumor necrosis factor-α (TNF-α), CXCL1, CXCL2, CXCL12,
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TABLE 8 | Summary of the most common terms, abbreviations, and units that have been used to report MRI/1H-MRS-based measurements of bone marrow adiposity.
Term Abbreviations used Units used Year first used* No. of papers
using this term*
Recommendations for
MRI/MRS measurements
FAT FRACTION
Fat fraction None; FF n.s.; %; Lipid/water ratio 1999 27 Fat fraction (FF), Bone
marrow fat fraction (BMFF),
proton density fat fraction
(PDFF). Values should be
reported as %.
Marrow fat fraction None; FF; MFF n.s.; %; Lipid/water ratio 1992 27
Bone marrow fat fraction None; BM fat fraction; BMF;
BMFF; FF
n.s.; %; Lipid/water ratio 1995 23
Proton density fat
fraction
None; proton density FF; PDFF;
bone marrow PDFF
n.s.; % 2014 21
Signal fat fraction; fat signal
fraction
None; sFF n.s.; % 2012 7
Lipid fraction; bone marrow
lipid fraction
None; LF %; Lipid/water ratio 1985 4
FAT CONTENT
Fat content None; FC n.s.; % 1987 15 Don’t use for reporting
MR-based measurements of
fat fraction.
Bone marrow fat content None; BMF content; bone
marrow FC; FC
n.s.; %; Lipid/water ratio 2009 11
Marrow fat content None %; % Fat fraction; L 2005 9
Bone marrow adipose
tissue content
MAT content; BMAT content n.s.; %; Lipid/water ratio 2016 3
RATIO (FAT/WATER OR LIPID/WATER)
Lipid/water ratio None; l/w; LWR %; Lipid/water ratio 2004 13 Don’t use
Fat/water ratio; bone
marrow fat/water ratio
None %; Lipid/water ratio 2014 1
Bone marrow fat/water % None % 2011 1
AREA
Bone marrow adipose
tissue area
BMA cm2 2015 1 Don’t use. Instead present
relative to marrow area
Bone marrow adiposity
cross-sectional area
CSA cm2 2017 1
Yellow bone marrow
cross-sectional area
CSA mm2 2013 1
OTHER TERMS (SEE SUPPLEMENTARY TABLE 7)
Terms are grouped into subcategories (bold, capitalised text) based on the wording used. Other data are presented as described for Tables 2–7; for the Year first reported and the
Number of papers, asterisks (*) are shown to emphasise that other uses may exist. We recommend that MRI/MRS-based readouts be reported as fat fraction, because this is the
approach used most commonly in the existing literature. For consistency, fat fraction measurements should be reported as %, rather than as lipid/water ratios. Measurements of BMAT
area (Ad.Ar) should be reported as % of marrow area (M.Ar), i.e., Ad.Ar/M.Ar, as recommended for histological or CT-based measurements (Tables 7, 9). Further considerations are
discussed in the main text. Additional terms/abbreviations/units, as well as references for papers using each combination, are provided in Supplementary Table 7.
andMCP-1 (91–95); lipid species, such as free fatty acids (96–98);
and RNA molecules within extracellular vesicles (80). Through
these factors BMAds are reported to modulate haematopoiesis
and skeletal remodelling. A full discussion of these functions is
beyond the scope of this position paper, but more details are
available in several recent reviews (80, 99, 100).
Relating to lipid storage, an unresolved question concerns BM
adipocytes’ unilocular vs. multilocular nature. These properties
are traditionally linked to white and brown adipocyte identity,
respectively (79, 101). Some studies suggest that BMAds with
a brown adipocyte-like phenotype can occur in the bone
marrow cavity (102), and brown adipocyte-like phenotypes
can be induced in vitro using cell culture models of BMAds,
for example after overexpression of FoxC2 (103) or SIRT1
(103). However, recent data indicate that in vitro cell models
do not reliably recapitulate the properties of BMAds in vivo
(74). Indeed, microarrays show that UCP1 transcripts are not
enriched in whole BM of mice or humans (104, 105), nor
is Ucp1 expression greater in BMAds vs. white adipocytes of
mice (106). Recent work using lineage tracing and genetic
models has also demonstrated that BMAds do not express Ucp1
during development or after adrenergic stimulation in mice
(107). Similarly, primary BMAd progenitors have very limited,
if any, brown adipogenic potential (89), and BMAds in vivo
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TABLE 9 | Summary of terms, abbreviations, and units that have been used to report CT-based measurements of bone marrow adiposity.
Imaging method Measurement type Year first
reported*
No. of papers* Recommended
term(s)
Recommended
abbreviation and unit
SECT, DECT or µCT
(Without contrast agent)
Fat fraction (% or fraction) 1987 8 Fat fraction; Bone
marrow fat fraction
FF (%), BMFF (%)
Adipose volume (per marrow
volume)
2019 2 Adipose volume Ad.V/Ma.V (%)
BM density 1986 6 Don’t use (Report as Adipose volume, FF or BMFF, as above)
Adipose volume (per tissue
volume)
2011 2 Don’t use (Report as % Ma.V, as above)
µCT (Samples stained with
osmium tetroxide or other
contrast agents)
Adipose volume (per marrow
volume)
2012 11 Adipose volume Ad.V/Ma.V (%)
Adipocyte density (per marrow
volume)
2014 2 Adipocyte density or
Adipocyte number
N.Ad/Ma.V (Cell
number/unit volume)
Adipocyte area (Distribution of
individual adipocyte areas)
2015 1 Adipocyte area
(mean or median)
Ad.Ar, µm2 (Show
frequency
distribution)m
Total adipocyte area (per Slice) na na Adipose area Ad.Ar/Ma.Ar (%)
Adipocyte volume (per slice) na na Adipocyte volume
(mean or median)
Ad.V, µm3 (show
frequency distribution)
Adipose volume (per tissue or
total volume)
2014 12 Don’t use (Report as % Ma.V, as above)
Adipose volume (Unclear if per
tissue volume or per marrow
volume)
2015 4
Adipose volume (absolute) 2015 10
Data are presented as described for Table 7, except that imaging method is also indicated. For the Year first reported and the Number of papers, asterisks (*) are shown to
emphasise that other uses may exist. For each type of measurement, several different terms, abbreviations, and units have been used in the literature; these variants are presented in
Supplementary Table 8. Most in vivo studies using SECT or DECT report measurements of fat fraction or relative adipose volume, and therefore we recommend reporting these as
indicated in the table. Most ex vivo µCT studies assess adipose volume normalised to marrow volume or total tissue volume, although in some cases it is unclear which of these is used
for normalisation. Other studies present absolute adipose volume or assess adipocyte density or area. We recommend that µCT-based readouts of adipose volume or area be reported
relative to marrow volume (Ma.V) or marrow area (Ma.Ar), and that individual adipocyte areas be reported as the mean or median, or as a frequency distribution. This is consistent
with our recommendations for histology-based measurements (Table 7). Further considerations are discussed in the main text. References for papers using each combination of term,
abbreviation and unit are provided in Supplementary Table 8.
do not undergo cold-induced glucose uptake (108). However,
multilocular BMAds do exist and account for around 5% of
all BMAds in the long bones of mice (107). Thus, while it
seems that BM adipocytes are distinct from brown adipocytes,
it is unlikely that this multilocularity is indeed equated to
brown adipocyte-like functions of BMAds. This also pertains to
BMAd-intrinsic ability for rapid lipid mobilization in response
to adrenergic stimulation or other physiological stimuli known
to recruit brown adipocytes for their main function, which is
thermogenesis. These remain open issues to be assessed in greater
detail. Future authors may therefore opt to add further attributes
to the term “bone marrow adipocyte” to better define parameters
such as number of vacuoles (locularity), and also to reference
anatomical localisation or metabolic characteristics. This relates
to the recent discussion on distinct types of BMAds, regulated
and constitutive, which will be discussed in the section on
Subtypes of Bone Marrow Adipocytes.
Bone Marrow Adipose Tissue
One area of debate is whether BMAds are simply a subpopulation
of BM cells that constitute a part of BM as a tissue, or
whether, collectively, BMAds act as an integrated adipose tissue.
References to “adipose tissue” within the BM can be found
as early as 1883 (10), and studies from the 1940s and 1950s
also proposed “yellow marrow” or “marrow fat” to be an
adipose tissue, based on its similar lipid composition with
WAT depots (23, 24). In 1967, Zakaria and Shafrir studied
explants of “yellow bone marrow” (YBM), concluding: “The
experiments demonstrate the capacity of YBM to synthesize
fatty acids and glycerol from glucose, to take up and esterify
long-chain FFA (free fatty acids) from an external medium
and to release FFA under hormonal stimulation. All these
activities are typical of adipose tissue function. Thus, the YBM
seems to represent a metabolically active variety of fat store,
similar to depots in other anatomical sites, but presumably
with a specialized local importance” (31). These studies support
the concept that BMAds, collectively, form an integrated
adipose tissue.
One caveat, discussed further in the section on Subtypes of
Bone Marrow Adipocytes, is that BMAd characteristics vary
depending on skeletal site. The studies described above focussed
on the yellow marrow, in which BMAds form a contiguous unit
that is morphologically similar to white adipose tissue (109).
However, BMAds also exist interspersed among the red marrow,
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where they do not form a spatially contiguous grouping; it is less
clear whether these cells, designated “regulated” BMAds, can be
considered as an adipose tissue.
This issue was debated extensively among the members of the
Nomenclature WG. After much discussion, we concluded that
it is appropriate to refer to BMAds as an adipose tissue, even
for those adipocytes interspersed among the red marrow. This
decision is based on two key points. Firstly, even in white adipose
tissue, adipocytes comprise <25% of the total cell population
(110). Thus, the fact that BMAds do not predominate in the
red marrow does not preclude these from being considered as
an adipose tissue. Secondly, “tissue” has been defined as “an
aggregation of similarly specialized cells united in the performance
of a particular function” (5); hence, possessing a common
function is more important than the physical grouping of the
cells. Although the roles of BMAds are still being elucidated, it is
clear that these cells work together to perform common functions
(109), and therefore they can be considered as an integrated
adipose tissue.
A second point of debate regards how to abbreviate “bone
marrow adipose tissue.” By far the most common abbreviations
for this are “MAT” and “BMAT” (Table 4). One benefit of
“MAT” is that this is more consistent with other abbreviations
in the adipose field, such as “WAT” and “BAT.” One downside
to “BMAT” is that this also been used to refer to a “bone
marrow aspirate and trephine” biopsy (111); however, there
are several benefits to the use of “BMAT” to abbreviate
“bone marrow adipose tissue.” Firstly, by using “BM,” “BMAT”
refers unambiguously to the BM and is consistent with other
abbreviations recommended in this standardised nomenclature
(e.g., BMA, BMAd, BMSC, BMFF). Secondly, in the BMA
literature the use of “BMAT” precedes use of “MAT” by 5
years, and therefore there is a historical priority for “BMAT”
(Table 4). Finally, use of “BMAT” has been recommended in
a previous editorial (112), which provides further rationale for
its continued use. In summary, we recommend the term “bone
marrow adipose tissue” and the abbreviation “BMAT.” This can
be defined as a collection of BMAds, which may be clustered
together or interspersed among the haematopoietic marrow, that
work together to perform common functions.
Two other terms are also recommended. Despite the
longstanding references to adipose tissue within the BM, it has
historically been more common to refer to “marrow fat” or
“bone marrow fat” (Table 4). These terms continue to be used
to this day, often in clinical reports and/or to reflect gross
measurements of BMA (Supplementary Table 3). Considering
the historical prominence and continued use of these terms, we
have included “marrow fat” and “bone marrow fat (BM fat)” in
the standardised BMA nomenclature. However, when discussing
the formation and function of BMAds as a collective, integrated
tissue, use of “bone marrow adipose tissue (BMAT)” should be
given preference.
Further details of these recommendations, and the many
terms that we recommend to avoid using, are provided in Table 4
and Supplementary Table 3.
Subtypes of Bone Marrow Adipocytes
One important concept in BMA research is that BMAds and
BMAT display distinct characteristics depending on skeletal
location. This was first shown in 1965 by Cohen and Gardiner,
who found that during starvation in rabbits, lipid is mobilised
from BMAds within the proximal red marrow but not from
BMAds in the distal yellow marrow (28). Subsequent work in the
1970s extended these observations, including the demonstration
of distinct lipid composition in proximal vs. distal BMAds
[reviewed in (113)]. This concept was relatively overlooked until
the mid 2010s, when Scheller et al. proposed the existence of
“regulated” and “constitutive” subtypes of BMAds (73, 114).
Further details, including the evidence supporting these two
subtypes, are provided in an excellent recent review (113).
Therein, regulated BMAds are “defined histologically as single
adipocytes interspersed within the haematopoietic BM. They form
gradually throughout life and accumulate with aging.” In contrast,
constitutive BMAds “form early in development, are larger in size,
and appear histologically as densely packed groups of adipocytes
with little intervening haematopoiesis” (113).
The terms regulated and “constitutive” have since gained
traction in the field, as evident through the increasing use of the
abbreviations “rMAT” or “rBMAT” and “cMAT” or “cBMAT”
to refer to these subtypes (Table 5). However, this classification
raises an important question: are there only two general classes,
or is the heterogeneity less binary than this? For example, in the
mouse tibia, proximal (“regulated”), and distal (“constitutive”)
BMAds display different properties, in particular in terms of
fatty acid saturation, but, like their “regulated” counterparts, the
“constitutive” BMAds can also be altered in certain contexts
(115, 116). Moreover, in some models of lipodystrophy there is
a loss of cBMAT at the distal tibia, whereas cBMAT in caudal
vertebrae is maintained (117). Thus, like rBMAT, cBMAT can
also display plasticity in response to environmental cues, and
cBMAT properties vary depending on skeletal site. Finally, most
studies of cBMAT and rBMAT are based in animalmodels; hence,
it remains unclear to what extent these exist as distinct subtypes
in humans.
Because of these complexities, as a priority we recommend
referring to BMAT and BMAd subtypes based on their
anatomical location, in preference to using the “constitutive”
and “regulated” terminology. This approach, which already
is common in the literature (Table 5), provides a definitive,
unambiguous description that addresses the issue of site-
specific characteristics. However, given the increasing use of
“constitutive” and “regulated,” and the evidence supporting
existence of these two broad subtypes (113), we accept that there
is still value in continued use of these terms. Therefore, if authors
do wish to use these terms, we recommend using rBMAT and
cBMAT to refer to the regulated and constitutive subtypes of
BMAT, and rBMAd and cBMAd when referring to these subtypes
of BM adipocytes.
Further details of these recommendations, and the many
terms that we recommend to avoid using, are provided in Table 5
and Supplementary Table 4.
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Progenitors for Bone Marrow Adipocytes
BMAds originate frommarrow-derived skeletal stem cells (SSCs)
(72, 118). These cells go by different names, based on two
different concepts regarding their differentiation properties and
their tissue of origin. The first concept emanates from in vivo
transplantation studies. These studies confirm the existence of
multipotent progenitors present in BM stroma that can generate
heterotopic bone/marrow organs (ossicles) with donor-derived
skeletal cell phenotypes (chondrocytes, osteoblasts, stromal cells),
including BMAds [reviewed in (119)]. The term Bone Marrow
Stromal Cell (BMSC) is a time-honoured term used to indicate
the population of non-hematopoietic, non-endothelial, rapidly
adherent cells isolated from BM; adherence in culture is one
characteristic property of these stromal cells. Clonal analysis
of BMSCs coupled with in vivo transplantation revealed the
presence of a subset of multipotent cells (120, 121). Later, these
multipotent cells were found to be sinusoidal pericytes, cells
that wrap around blood vessels providing them with stability.
Furthermore, they were found to restore the perivascular
compartment from which they originate (the ability to self-
renew), making these cells bona fide SSCs (122). Thus, SSCs
are a multipotent, self-renewing subset of BMSCs: all SSCs are
BMSCs, but not all BMSCs are SSCs. It is essential to emphasise
this because these terms have been used inconsistently in the
literature, causing confusion about the relationship between SSCs
and BMSCs.
Notably, the term “skeletal stem cell” currently describes a
biological activity rather than a well-defined cell phenotype,
since the specific identity of multipotent and self-renewing
SSCs is not yet clear. As discussed in the accompanying BMAS
Methodologies position paper by Tratwal et al., agreement
on how to purify SSCs has not yet been reached: even
populations highly enriched by using certain cell surface markers
are still not homogeneous. Nonetheless, the use of the term
“SSC” is appropriate based on the retrospective evidence of
stemness demonstrated by the generation of ossicles by clonal
populations of BMSCs. However, it is important to note that
other populations of SSCs have recently been identified in the
growth plate and in the periosteum in both mice and humans,
but it does not appear that SSCs from these origins contribute to
BMA [reviewed in (123)] (104, 123–126). Similarly, stromal cells
capable of adipogenesis ex vivo have been isolated from cortical
bone of the femoral diaphysis and cancellous/cortical bone of
the proximal epiphysis of rats (127, 128). Although it remains to
be confirmed if these cells can generate BMAds in vivo, their ex
vivo adipogenic capacity differs depending on skeletal site. This
echoes the site-specific differences in BMAd subtypes discussed
in the previous section. Thus, the tissue origin of SSCs must
always be identified. Indeed, not all populations of SSCs give rise
to adipocytes, as determined by in vivo transplantation or lineage
tracing in mice. Of note, “in vivo” is the operative term here, as
it is known that the in vitro assay for adipogenesis is prone to
artefact. In many fibroblastic populations, a few cells accumulate
fat from serum in themedium, but do not synthesize triglycerides
or hydrolyse them to the same extent as bona fide adipocytes.
According to the second concept, the term “Mesenchymal
Stem Cell (MSC)” was introduced, based on the ability of
BMSCs/SSCs to make cells and tissues of mesodermal origin.
These include not only skeletal cell types (chondrocytes,
osteoblasts and BMAds) but also non-skeletal phenotypes such
as myoblasts, tenocytes, fibrocytes (ligament), white adipocytes,
and others (124). However, as defined by developmental
biologists, mesenchyme is an embryonic connective tissue that
makes connective tissue, blood, and blood vessels during foetal
development, and is not found in post-natal tissue (129). In
spite of this, it was proposed that “MSCs” reside in all post-
natal tissues, based on non-specific cell surface markers shared
by virtually all fibroblastic cells (130), and that all “MSCs” are
pericytes (125), able to give rise to osteoblasts, chondrocytes
and adipocytes, making them equivalent to SSCs within the
BM. However, during embryonic development, none of the
non-skeletal cell types, including pericytes, have a common
embryonic origin (118). Lastly, the “MSC” term emerged from
less-than-rigorous in vitro studies; more-recent in vivo work has
confirmed that the progenitor activity of different populations of
perivascular stromal cells (if any) is always restricted to that of
the tissue of origin (126).
For these reasons, the use of the term “Mesenchymal
Stem Cell” and any other definition including the word
“Mesenchymal,” especially the use of the acronym “BMSC” to
indicate bone marrow mesenchymal stem cells rather than bone
marrow stromal cells, is not scientifically accurate and is not
recommended. Thus, we recommend using “SSCs” to refer to
“Skeletal Stem Cells” and “BMSCs” to refer to “Bone Marrow
Stromal Cells.” Describing the anatomical location from which
these cells are isolated, as well as the species of origin, is also
important when reporting studies of SSCs and BMSCs.
Further details of these recommendations, and the terms and
abbreviations that we recommend to avoid using, are provided in
Table 6 and Supplementary Table 5.
BMAT Morphometric Analyses
The elaboration of an appropriate nomenclature for BMAT
morphometry cannot be conceived without considering the
guidelines for bone histomorphometry that have been established
for more than 25 years (5, 131). Indeed, many of the terms
usable for BMAT morphometry are well-defined and properly
abbreviated in the first Standardized Nomenclature, Symbols,
and Units for Bone Histomorphometry (131) and in its
revision (5).
As for bone, BMAT morphometry can be based on two-
or three-dimensions (2D or 3D) and applied to many types of
biological material, most commonly iliac crest bone/BM biopsies
obtained from human subjects, and bones from experimental
animals. Recent studies have also analysed BMAds within BM
plugs of transgenic mice, allowing study of BMAd development
by lineage tracing (132). A mixture of terminology for 2D and
3D techniques of analysis should not be used in the same article,
unless different methods of analysis (i.e., histology vs. micro-CT)
are used (5).
Both primary measurements and referents (i.e., some clearly
defined area or volume within the sample) must be considered.
The former include Adipocyte Area (Ad.Ar), Volume (Ad.V),
Perimeter (Ad.Pm), Diameter (Ad.Dm), and Number (N.Ad);
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each of these abbreviations is consistent with the guidelines for
bone histomorphometry (5). In addition to adipocyte number,
measurements of the size of individual adipocytes (Ad.Ar,
Ad.V, Ad.Pm, Ad.Dm) are important in the physiology and
pathology of BMAT. Indeed, changes in total BMAT may
be the result of mechanisms that lead to the increase or
decrease of either BMAd size (lipid storage/lipolytic activity)
or number (adipogenic differentiation, or BMAd apoptosis and
clearance). Size-related measurements may have meaning per
se and not require a referent. For example, they can be used
for the calculation of mean (and median) of BMAds and to
construct distribution curves; the latter provide a more accurate
representation of BMAd sizes across the sample and therefore are
the recommended method of presenting such data (Table 7).
In contrast to these measurements of BMAd size, for N.Ad,
total adipose tissue area and total adipose volume, referents are
needed, and must be properly defined. Since BM is distributed
throughout the cavities of the skeleton and includes distinct kinds
of tissues/cells (haematopoietic cells, BMAds, and BMSCs) and
is highly vascularised, the referents may be different. Some of
them (i.e., Tissue Area in 2D and Tissue Volume in 3D) have
been already defined and abbreviated (T.Ar and TV, respectively)
in the Standardized Nomenclature, Symbols, and Units for Bone
Histomorphometry (5). For studies of BMA, additional referents
to be considered include Marrow Area (Ma.Ar, in 2D) and
Marrow Volume (Ma.V, in 3D), which coincide with the spaces
of the skeleton delimited by endosteal surfaces (cancellous bone
surfaces and endocortical surfaces).
The choice between T.Ar (or TV) or Ma.Ar (or Ma.V) as
referents is important for the accurate interpretation of the
data. For example, when osteopenia does occur, the Ma.Ar (or
Ma.V) increases while T.Ar (or TV) does not. In addition, since
haematopoietic cells and adipocytes are located in the Extra-
Vascular compartment of the BM, the use of this region (Area:
ExVa.Ma.Ar, i.e., Marrow Area minus Vascular Area; Volume:
ExVa.Ma.V, i.e., Marrow Volume minus Vascular Volume) as
referent could be more appropriate and, in principle, to be
preferred in respect to Ma.Ar and Ma.V. Indeed, this Extra-
Vascular compartment can be used as a referent not only for
assessments of BMA (i.e., with total Ad.Ar, total Ad.V, or N.Ad
as the numerator), but also for measuring the percentage of
haematopoietic marrow. The latter is calculated by expressing the
haematopoietic area (Hm.Ar) or haematopoietic volume (Hm.V)
relative to ExVa.Ma.Ar or ExVa.Ma.V, respectively. As discussed
in the accompanying BMAS Methodologies paper, the ratio of
haematopoietic to adipose area (Hm.Ar./Ad.Ar.) may also be
of interest in some instances but should not be confounded
with measures of adiposity (e.g., Ad.Ar/Ma.Ar) or hematopoietic
cellularity (e.g., Hm.Ar/Ma.Ar).
One challenge is that measurement of the Extra-Vascular
Marrow compartment can be highly time-consuming. Thus,
we suggest to use the area (or volume) of the Extra-Vascular
Marrow compartment as referent in specific conditions only, for
example in mouse long bone whole-mount sections in which the
vascular spaces (sinusoids and central vein) may constitute a very
significant and dynamic area or volume (133); and, in humans,
in those haematological diseases in which BM vascularity is
known to be altered (134). Use of the Extra-Vascular Marrow
referent is, however, still limited by technological challenges,
which may resolve as whole-mount 3D microscopy and high-
resolution contrast-enhancedµCT becomemore widely available
to reconstruct, and subtract, the vascular network within the
BM space (135, 136). Subtraction of the central vein from the
Marrow Area is, however, common in whole-bone histology of
murine long bones due to the dilated lumen often associated with
retraction artefacts upon fixation (reviewed in the accompanying
BMAS Methodologies position paper by Tratwal et al.).
A final consideration, debated extensively among WG
members, is whether to use the term “Adipocyte density” or
“Adipocyte number” when describing measurements of N.Ad
relative to a referent region (i.e., Ma.Ar, Ma.V, T.Ar, TV,
ExVa.Ma.Ar, or ExVa.Ma.V). Such measurements report the
population density of BMAds within the region of interest, and
therefore we recommend that these are reported as “Adipocyte
density” (Table 7). However, one concern with the term ‘density’
is that readers may confuse this with a measurement of the
actual physical density of BMAds (i.e., mass per unit volume of
the cells); this concern was raised in the published guidelines
for bone histomorphometry (5), which therefore prioritises
the term “number” over “density” when reporting relative cell
numbers. Thus, to be consistent with these previous guidelines,
we agree that use of “Adipocyte number” is also acceptable
when describing measurements of N.Ad relative to a referent
region. What is essential is that studies should never report
measurements of N.Ad alone: a suitable referent must always
be used.
Details of the proposed nomenclature regarding BMAT
morphometry are presented in Table 7, with further information
in Supplementary Table 6.
MRI- and/or MRS-Based Analyses
MRI analysis of BMAwas first reported in themid-1980s (53–57),
but the past 20 years have seen a notable increase in publications
using MRI and/or 1H-MRS for assessment of BMA (Table 8
and Supplementary Table 7). Most studies report the fat fraction
(FF) or lipid:water ratio, calculated from the lipid and water
peaks in MR spectra (71); however, there is much inconsistency
in how these measurements are reported. As shown in Table 8,
measurements described by the term “fat fraction (FF),” or the
related terms “marrow fat fraction” or “bone marrow fat fraction
(BMFF),” typically are reported as a %, but in some cases the
actual measurement reported is the lipid/water ratio and not the
% fat fraction. Conversely, sometimes measurements described
as a “ratio” are actually reported as % fat fraction. Confusing
issues further, some studies have used the term “fat content” when
reportingmeasurements of % fat fraction, whilst others have used
this term when reporting the lipid/water ratio. In other cases,
the terms “fat fraction” or “fat content” are used, but the units
of measurement are not stated; this may cause confusion about
whether the measurement is a fraction or a ratio. Finally, MRI
has been used to report the volume or area of BMA from 3D or
2D images, respectively (Table 8).
This variability underscores the need for standardisation.
To date, most studies use the term “fat fraction,” “marrow fat
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fraction,” or “bone marrow fat fraction” to report the % fat
fraction of the BM (Table 8). These measurements typically
are based on dual-echo MRI or MRS data, which can be
subject to confounding factors (e.g., attenuation of the T2∗
signal) (71). In contrast, measurement of the proton density
fat fraction (PDFF), based on multi-echo data, removes the
effect of these confounding factors and thereby represents a
truly standardised BMA measurement (71). Thus, in addition
to 1H-MRS, PDFF is emerging as another gold-standard for
BMA quantification. Nevertheless, many studies report dual-
echo fat fraction measurements. We recommend reporting MRI
and 1H-MRS-based measurements as fat fraction (FF) or bone
marrow fat fraction (BMFF) when based on dual-echo data,
and as PDFF when based on appropriate multi-echo sequences.
These measurements should be reported as %, rather than the
lipid/water ratio.
A final issue is the ability of MR to measure the degree of
lipid saturation. Terms such as “unsaturation index” (UI) and
“unsaturated lipid fraction” (ULF) have been used (137–141),
and this capacity to assess not just BMAT quantity, but also
BMAT quality, may reveal further insights about the clinical
implications of altered BMA (71, 99). However, compared to
reports of FF, BMFF or PDFF, there are far fewer papers
reporting BMAT saturation, and therefore we feel it is too
early to recommend terms, abbreviations or units for describing
such measurements.
Further details of these recommendations, and the terms that
we recommend to avoid using, are provided in Table 8 and
Supplementary Table 7.
CT-Based Analyses
As for MRI, CT-based BMA analysis was first reported in the
mid-1980s (58, 59, 61). However, the application of these two
approaches has since diverged: MRI has found widespread use
for clinical BMA assessment in vivo but remains relatively under
used in preclinical animal studies. In contrast, only a handful
of studies have used CT to measure BMA in vivo, whereas
its preclinical use has flourished in recent years, particularly
for µCT (Table 9). The latter is primarily a result of the
development of contrast agents, such as osmium tetroxide,
that allow µCT-based visualisation and quantification of
BMA ex vivo.
Clinically, both single-energy CT (SECT) and dual-
energy CT (DECT) have been used to assess BMA in vivo
and ex vivo. SECT-based measurements of BM density,
expressed in Hounsfield Units, correlate inversely with
BMA; however, these measurements include the density
of yellow and red marrow as well as trabecular bone, and
therefore do not allow for direct quantification of BMA
(142). Nevertheless, several recent studies have used SECT
to estimate relative adipose volume within the BM based
on HU thresholds indicative of adipose tissue (108, 143).
In contrast to SECT, DECT is able to separate BMA from
the other tissue components, allowing true quantification
of BMA. Such DECT-based measurements, reported as fat
fraction (Table 9), show good agreement with MRI/MRS-based
assessment of BMA (142, 144, 145). Thus, for consistency with
nomenclature for histomorphometry and MRI/MRS-based
measurements (Tables 7, 8), we recommend that CT-based
assessment of BMA should be reported as fat fraction (FF,
%), bone marrow fat fraction (BMFF, %), or adipose volume
(Ad.V/Ma.V, %).
Ex vivo, staining of tissue samples with contrast agents allows
direct measurement of adipose volume by µCT. Most such
studies report Ad.V as the % or fraction relative to Ma.V or
TV, although a sizeable minority have reported absolute Ad.V; in
some cases, it is not clear if absolute or relative adipose volume
is being reported (Table 9). Consistent with our proposals
for BMAT histomorphometry (Table 7), we recommend that
µCT-based readouts of adipose volume should be reported
relative to Ma.V (i.e., as Ad.V/Ma.V, %). For the referent, Ma.V
should be prioritised over TV because the latter can include
bone and other tissues that necessarily exclude BMAds; the
size of these tissues may also vary based on the physiological
or pathological context, confounding analysis of BMA. Thus,
presenting Ad.V/Ma.V provides a more accurate assessment
of BMA.
An emerging application of µCT is the ability to measure the
number and size of individual BMAds. Adipocyte density (i.e.,
N.Ad/Ma.V) has been reported for samples stained with osmium
tetroxide (146) or with a Hafnium-based polyoxometalate
contrast agent (135). Similarly, nano-CT has been used to
quantify the area of individual BMAds in 2D image slices
of osmium tetroxide-stained samples, allowing the distribution
of individual BMAd areas to be determined (147). As for
BMAT histomorphometry, we recommend reporting these
readouts as “Adipocyte density” (N.Ad/Ma.V) and the frequency
distribution of “Adipocyte area” (Ad.Ar, µm2), respectively;
“Adipocyte number” may also be used in place of “Adipocyte
density,” as discussed in the section BMAT Morphometric
Analyses. An obvious extension of these methods would
be the measurement of total adipocyte area in 2D slices
of CT scans, and of individual adipocyte volume in 3D
scans. While such readouts have not yet been published
(Table 8), for the sake of foresight we recommend that
these should be reported, respectively, as “Adipose area”
(Ad.Ar/Ma.Ar, %) or frequency distributions of “Adipocyte
volume” (Ad.V, µm3).
Further details of these recommendations, and the terms that
we recommend to avoid using, are provided in Table 9 and
Supplementary Table 8.
CONCLUDING REMARKS
The study of BMA is a dynamic, vibrant, and expanding field
of research. As populations and sub-populations of cells are
more accurately defined, it may be necessary to reappraise the
nomenclature to accommodate subtle nuances found between
cells that may influence function. Similarly, it is likely that the
BMA nomenclature will have to be updated to reflect advances
in methodologies relevant to BMA research. The Nomenclature
Working Group of the International Bone Marrow Adiposity
Society will therefore endeavour to regularly reassess the field
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and make practical recommendations on nomenclature to help
define and characterise the cells and environment that initiate,
propagate and maintain BMA, and the methods used to assess
these. Such future updates will depend on the continued growth
and development of the BMA field. For now, we hope that
the nomenclature guidelines herein will provide a foundation
to support this growth; to promote collaboration; and to
provide a consensus for the diverse fields of study related
to BMA.
AUTHOR CONTRIBUTIONS
WC conceptualized the manuscript and coordinated the
literature review, tables, figure, and assembly of the different
sections written by the other authors. WC led the writing
for the sections on Bone Marrow Adiposity, Bone Marrow
Adipose Tissue, Subtypes of Bone Marrow Adipocytes, and CT-
based analyses. CC led the writing for the Abstract. TS led the
writing for the section on Bone Marrow Adipocytes. MR, PR,
and AC wrote the section on Progenitors for Bone Marrow
Adipocytes. AC wrote the section on BMAT Morphometric
Analyses, with MR providing additional input. MB and WC
wrote the section on MRI- and/or MRS-Based Analyses. WF led
the writing of the Concluding Remarks. All authors, including
NB, SR-S, ED, and CR discussed the terminology identified
and, through several meetings, agreed on the nomenclature
recommendations. All authors edited and approved the final
version of the manuscript.
FUNDING
The BMA2017 annual meeting to constitute BMAS and
its Working Groups was funded by Swiss National Science
Foundation (SNSF) grant 31CO30_173949. ANomenclatureWG
meeting was organised during the BMA2018 annual meeting,
which was funded by Région Hauts-de-France and Université
du Littoral Côte d’Opale. MB was supported by grants from
the US National Institutes of Health (NIDDK 1K24DK109940
and NIDDK R24DK084970). WC was supported by grants
from the UK Medical Research Council (MR/M021394/1
and MR/S010505/1). AC has received funding from Sapienza
University (Nos. RM118164289636F0). WF was supported by
the National Research Foundation of South Africa (Grant Nos.
118565 and 118990), the South African Sugar Association
(Project 257) and The Harry Crossley Foundation. MR
acknowledges support from the Fondazione Cenci Bolognetti.
PR was supported by the DIR, NIDCR, NIH, DHHS (ZIA
DE000380). TS was supported by the German Research
Foundation (DFG; SCHU 2445/5-1 and SCHU 2445/6-2),
the German Ministry of Education and Research (BMBF)
and the State of Brandenburg (DZD grant 82DZD00302 and
FKZ 82DZD0038G).
ACKNOWLEDGMENTS
A special thank you to Olaia Naveiras, Ecole Polytechnique
Fédérale de Lausanne, for help on aligning this manuscript with
the accompanying BMAS methodologies position paper, and
to all members of the BMAS Scientific Board for providing
feedback on these nomenclature recommendations. Finally, in
our systematic review of the BMA literature we have strived
to include all relevant publications; however, given the scope
of this effort, we may have missed some papers relevant to
this field. We apologise to any authors whose work we have
inadvertently overlooked.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00923/full#supplementary-material
REFERENCES
1. Yusuf RZ, Scadden DT. Fate through fat:lipid metabolism
determines stem cell division outcome. Cell Metab. (2012) 16:411–3.
doi: 10.1016/j.cmet.2012.09.011
2. Frey JL, Li Z, Ellis JM, Zhang Q, Farber CR, Aja S, et al. Wnt-Lrp5 signaling
regulates fatty acid metabolism in the osteoblast. Mol Cell Biol. (2015)
35:1979–91. doi: 10.1128/MCB.01343-14
3. Kim SP, Li Z, Zoch ML, Frey JL, Bowman CE, Kushwaha P, et al. Fatty
acid oxidation by the osteoblast is required for normal bone acquisition
in a sex- and diet-dependent manner. JCI Insight. (2017) 2:e92704.
doi: 10.1172/jci.insight.92704
4. Corsi A, Palmisano B, Tratwal J, Riminucci M, Naveiras O. Brief report from
the 3rd international meeting on bone marrow adiposity. (BMA 2017). Front
Endocrinol. (2019) 10:336. doi: 10.3389/fendo.2019.00336
5. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA,
Malluche H, et al. Standardized nomenclature, symbols, and units for
bone histomorphometry:a 2012 update of the report of the ASBMR
Histomorphometry Nomenclature Committee. J Bone Miner Res. (2013)
28:2–17. doi: 10.1002/jbmr.1805
6. Bizzozero G. Sulla funzione ematopoetica del midollo delle ossa.
Comunicazione preventiva. Gazz Med Ital Lombardia. (1868) 28:381–2.
7. Neumann E. Ueber die Bedeutung des Knochenmarks fur die Blutbildung.
Zentralbl Fur Die Medicinischen Wiss. (1868) 6:689.
8. Ranvier L. Traité Technique D’Histologie. Paris: Librairie Savy F (1875).
9. Neumann E. Das Gesetz der Verbreitung des gelben und roten
Knochenmarkes. Zentralbl Fur Die Medicinischen Wiss. (1882) 20:321–3.
10. Coats J. A Manual of Pathology. Philadelphia, PA: H. C. Lea’s Son and
Co. (1883).
11. Muir R, Drummond WB. On the structure of the bone-marrow in relation
to blood-formation. J Anat Physiol. (1893) 28:125–41.
12. Piney A. The anatomy of the bone marrow: with special reference to the
distribution of the red marrow. Br Med J. (1922) 1922:792–5.
13. Custer RP. Studies on the structure and function of bone marrow:I.
Variability of the hemopoietic pattern and consideration of method for
examination. J Lab Clin Med. (1932) 17:951–60.
14. Custer RP, Ahlfeldt FE. Studies on the structure and function of bone
marrow:II. Variations in cellularity in various bones with advancing years
of life and their relative response to stimuli. J Lab Clin Med. (1932) 17:960–2.
15. Steele BF. The effects of blood loss and blood destruction upon the
erythroid cells in the bone marrow of rabbits. J Exp Med. (1933) 57:881–96.
doi: 10.1084/jem.57.6.881
16. Rhoads CP, Castle WB. The pathology of the bone marrow in sprue anemia.
Am J Pathol. (1933) 9:813–26.
Frontiers in Endocrinology | www.frontiersin.org 17 January 2020 | Volume 10 | Article 923
Bravenboer et al. BMA Nomenclature
17. Andersen DH. Benzol poisoning with hyperplasia of the bone marrow. Am J
Pathol. (1934) 10:101–12.
18. Custer RP. Studies on the structure and function of bone marrow: IV.
Bone Marrow in Agranulocytosis. Am J Med Sci. (1935) 189:507–15.
doi: 10.1097/00000441-193504000-00005
19. Huggins C, Blocksom BH. Changes in outlying bone marrow accompanying
a local increase of temperature within physiological limits. J Exp Med. (1936)
64:253–74. doi: 10.1084/jem.64.2.253
20. Shouse SS, Warren SL, Whipple GH. II. Aplasia of marrow and fatal
intoxication in dogs produced by roentgen radiation of all bones. J Exp Med.
(1931) 53:421–35. doi: 10.1084/jem.53.3.421
21. Sabin FR, Miller FR, Smithburn KC, Thomas RM, Hummel LE. Changes in
the bone marrow and blood cells of developing rabbits. J Exp Med. (1936)
64:97–120. doi: 10.1084/jem.64.1.97
22. Miller DK, Rhoads CP. The effect of hemoglobin injections on erythropoiesis
and erythrocyte size in rabbits rendered anemic by bleeding. J Exp Med.
(1934) 59:333–46. doi: 10.1084/jem.59.3.333
23. Hilditch TP, Murti KS. The component acids of an ox bone marrow fat.
Biochem J. (1940) 34:1299–300. doi: 10.1042/bj0341299
24. Evans JD, Baker JM, Oppenheimer MJ. Alteration of rabbit marrow fat in
anemia from acetylphenylhydrazine. Am J Physiol Legacy Content. (1955)
181:504–8. doi: 10.1152/ajplegacy.1955.181.3.504
25. Berman L, Axelrod AR. Fat, total cell and megakaryocyte content of sections
of aspirated marrow of normal persons. Am J Clin. Pathol. (1950) 20:686–7.
doi: 10.1093/ajcp/20.7_ts.686
26. Berman L, Axelrod AR, Horan TN, Jacobson SD, Sharp EA, Vonderheide
EC. The blood and bone marrow in patients with cirrhosis of the liver. Blood.
(1949) 4:511–33. doi: 10.1182/blood.V4.5.511.511
27. Evans JD, Riemenschneider RW, Herb SF. Fat composition and in vitro
oxygen consumption of marrow from fed and fasted rabbits. Arch Biochem
Biophys. (1954) 53:157–66. doi: 10.1016/0003-9861(54)90242-8
28. Cohen P, Gardner FH. Effect of massive triamcinolone administration in
blunting the erythropoietic response to phenylhydrazine hemolysis. J Lab
Clin Med. (1965) 65:88–101.
29. Gong JK, Arnold JS. Skeletal marrow volume in dog. Am J Physiol Legacy
Content. (1965) 209:340–6. doi: 10.1152/ajplegacy.1965.209.2.340
30. Miyoshi I, Irino S, Hiraki K. Fibroblast-like transformation of
human bone marrow fat cells in vitro. Exp Cell Res. (1966) 41:220–3.
doi: 10.1016/0014-4827(66)90564-7
31. Zakaria E, Shafrir E. Yellow bone marrow as adipose tissue. Proc Soc Exp Biol
Med. (1967) 124:1265–8. doi: 10.3181/00379727-124-31983
32. Gengozian N, Batson JS, Nelson BM. Bone-marrow grafting attempts in
marmosets after whole-body irradiation. Int J Radiat Biol Relat Stud Phys
Chem Med. (1967) 11:553–61. doi: 10.1080/09553006714550221
33. Zach E, Shafrir E. Composition of bone marrow adipose tissue in relation to
body fat depots in various species. Isr J Med Sci. (1974) 10:1541–50.
34. Tavassoli M. Ultrastructural development of bone marrow adipose cell. Acta
Anat. (1976) 94:65–77. doi: 10.1159/000144545
35. Meunier P, Aaron J, Edouard C, VignonG. Osteoporosis and the replacement
of cell populations of the marrow by adipose tissue. A quantitative
study of 84 iliac bone biopsies. Clin Orthop Relat Res. (1971) 80:147–54.
doi: 10.1097/00003086-197110000-00021
36. Oberling F, Cazenave JP, Waitz R. Ultrastructure of adipose tissue in the
normal hematopoietic marrow of the rabbit. Pathol Biol. (1972) 20:337–47.
37. Tavassoli M. Marrow adipose cells. Ultrastructural and histochemical
characterization. Arch Pathol. (1974) 98:189–92.
38. Tavassoli M. Differential response of bone marrow and extramedullary
adipose cells to starvation. Experientia. (1974) 30:424–5.
doi: 10.1007/BF01921701
39. Tavassoli M. Marrow adipose cells. Histochemical identification of labile and
stable components. Arch Pathol Lab Med. (1976) 100:16–8.
40. Tavassoli M, Houchin DN, Jacobs P. Fatty acid composition of
adipose cells in red and yellow marrow: a possible determinant
of haematopoietic potential. Scand J Haematol. (1977) 18:47–53.
doi: 10.1111/j.1600-0609.1977.tb01476.x
41. Bathija A, Davis S, Trubowitz S. Marrow adipose tissue:response to
erythropoiesis. Am J Hematol. (1978) 5:315–21. doi: 10.1002/ajh.2830050406
42. Wood C. Membranous lipodystrophy of bone. Arch Pathol Lab Med.
(1978) 102:22–7.
43. Tavassoli M. Cytochemistry of marrow and extramedullary adipocytes
in monolayer cultures. Scand J Haematol. (1978) 20:330–4.
doi: 10.1111/j.1600-0609.1978.tb02464.x
44. Bathija A, Davis S, Trubowitz S. Bone marrow adipose tissue:response to
acute starvation.Am JHematol. (1979) 6:191–8. doi: 10.1002/ajh.2830060303
45. Bryon PA, Gentilhomme O, Fiere D. [Histomorphometric analysis of bone-
marrow adipose density and heterogeneity in myeloid aplasia and dysplasia.
(author’s transl)]. Pathol Biol. (1979) 27:209–13.
46. Tavassoli M, Crosby WH. Bone marrow histogenesis:a
comparison of fatty and red marrow. Science. (1970) 169:291–3.
doi: 10.1126/science.169.3942.291
47. Maniatis A, Tavassoli M, Crosby WH. Factors affecting the
conversion of yellow to red marrow. Blood. (1971) 37:581–6.
doi: 10.1182/blood.V37.5.581.581
48. Tavassoli M, Maniatis A, CrosbyWH. Induction of sustained hemopoiesis in
fatty marrow. Blood. (1974) 43:33–8. doi: 10.1182/blood.V43.1.33.33
49. Trubowitz S, Bathija A. Cell size and plamitate-1–14c
turnover of rabbit marrow fat. Blood. (1977) 49:599–605.
doi: 10.1182/blood.V49.4.599.bloodjournal494599
50. Cornbleet PJ, Moir RC, Wolf PL. A histochemical study of bone marrow
hypoplasia in anorexia nervosa. Virchows Arch A Pathol Anat Histol. (1977)
374:239–47. doi: 10.1007/BF00427118
51. Bathija A, Ohanian M, Davis S, Trubowitz S. The marrow fat
cell: response to X-ray induced aplasia. Life Sci. (1979) 25:921–7.
doi: 10.1016/0024-3205(79)90497-1
52. Tavassoli M, Watson LR, Khademi R. Retention of hemopoiesis in
tail vertebrae of newborn rats. Cell Tissue Res. (1979) 200:215–22.
doi: 10.1007/BF00236414
53. TottyWG,MurphyWA, GanzWI, Kumar B, DaumWJ, Siegel BA. Magnetic
resonance imaging of the normal and ischemic femoral head. AJR. Am J
Roentgenol. (1984) 143:1273–80. doi: 10.2214/ajr.143.6.1273
54. Littrup PJ, Aisen AM, Braunstein EM, Martel W. Magnetic resonance
imaging of femoral head development in roentgenographically normal
patients. Skeletal Radiol. (1985) 14:159–63. doi: 10.1007/BF00355555
55. Yoshida H, Asai S, Yashiro N, Iio M. MRI of bone marrow. Radiat Med.
(1985) 3:47–55.
56. Wismer GL, Rosen BR, Buxton R, Stark DD, Brady TJ. Chemical shift
imaging of bone marrow:preliminary experience. Am J Roentgenol. (1985)
145:1031–7. doi: 10.2214/ajr.145.5.1031
57. McKinstry CS, Steiner RE, Young AT, Jones L, Swirsky D, Aber
V. Bone marrow in leukemia and aplastic anemia: MR imaging
before, during, and after treatment. Radiology. (1987) 162:701–7.
doi: 10.1148/radiology.162.3.3544034
58. Laval-Jeantet AM, Roger B, Bouysee S, Bergot C, Mazess RB. Influence of
vertebral fat content on quantitative CT density. Radiology. (1986) 159:463–
6. doi: 10.1148/radiology.159.2.3961178
59. Goodsitt MM, Rosenthal DI. Quantitative computed tomography scanning
for measurement of bone and bone marrow fat content. A comparison of
single- and dual-energy techniques using a solid synthetic phantom. Invest
Radiol. (1987) 22:799–810. doi: 10.1097/00004424-198710000-00006
60. Rosenthal DI, Hayes CW, Rosen B, Mayo-Smith W, Goodsitt MM. Fatty
replacement of spinal bone marrow due to radiation:demonstration by dual
energy quantitative CT and MR imaging. J Comput Assist Tomogr. (1989)
13:463–5. doi: 10.1097/00004728-198905000-00018
61. Gluer CC, Genant HK. Impact of marrow fat on accuracy of
quantitative CT. J Comput Assist Tomogr. (1989) 13:1023–35.
doi: 10.1097/00004728-198911000-00015
62. Arashi K. Quantitative analysis of biopsied bone marrow tissue embedded in
resin from hemopathic patients. I. Distribution of marrow adipose volume.
(MAV) and hematopoietic cells. (HC) in certain part of the bone marrow
biopsied specimen. Nihon Ketsueki Gakkai Zasshi. (1983) 46:65–80.
63. Rozman C, Feliu E, Berga L, Reverter JC, Climent C, Ferran MJ. Age-related
variations of fat tissue fraction in normal human bone marrow depend
both on size and number of adipocytes: a stereological study. Exp Hematol.
(1989) 17:34–7.
Frontiers in Endocrinology | www.frontiersin.org 18 January 2020 | Volume 10 | Article 923
Bravenboer et al. BMA Nomenclature
64. Wright JA. A comparison of rat femoral, sternebral and lumbar
vertebral bone marrow fat content by subjective assessment and image
analysis of histological sections. J Comp Pathol. (1989) 100:419–26.
doi: 10.1016/0021-9975(89)90007-8
65. Rosenthal DI, Mayo-Smith W, Goodsitt MM, Doppelt S, Mankin HJ. Bone
and bone marrow changes in Gaucher disease: evaluation with quantitative.
Radiology. (1989) 170:143–6. doi: 10.1148/radiology.170.1.2909087
66. Shen W, Chen J, Punyanitya M, Shapses S, Heshka S, Heymsfield SB.
MRI-measured bone marrow adipose tissue is inversely related to DXA-
measured bone mineral in Caucasian women.Osteoporos Int. (2007) 18:641–
7. doi: 10.1007/s00198-006-0285-9
67. Fazeli PK, Bredella MA, Freedman L, Thomas BJ, Breggia A, Meenaghan E,
et al. Marrow fat and preadipocyte factor-1 levels decrease with recovery
in women with anorexia nervosa. J Bone Miner Res. (2012) 27:1864–71.
doi: 10.1002/jbmr.1640
68. Chan GK, Duque G. Age-related bone loss:old bone, new facts. Gerontology.
(2002) 48:62–71. doi: 10.1159/000048929
69. Fournier C, Perrier A, Thomas M, Laroche N, Dumas V, Rattner A, et al.
Reduction by strontium of the bonemarrow adiposity inmice and repression
of the adipogenic commitment of multipotent C3H10T1/2 cells. Bone. (2012)
50:499–509. doi: 10.1016/j.bone.2011.07.038
70. Scheller EL, Troiano N, Vanhoutan JN, Bouxsein MA, Fretz JA, Xi Y, et al.
Use of osmium tetroxide staining with microcomputerized tomography to
visualize and quantify bonemarrow adipose tissue in vivo.Methods Enzymol.
(2014) 537:123–39. doi: 10.1016/B978-0-12-411619-1.00007-0
71. KarampinosDC, Ruschke S, DieckmeyerM,DiefenbachM, FranzD, Gersing
AS, et al. Quantitative MRI and spectroscopy of bone marrow. J Magn Reson
Imaging. (2018) 47:332–53. doi: 10.1002/jmri.25769
72. Bianco P, Robey PG. Skeletal stem cells. In: Lanza R, Gearhart J, Hogan
B, Melton D, Pedersen R, Thomson J, West M, editors. Handbook of
Adult and Fetal Stem Cells. Burlington, NJ: Academic Press (2004). 415–24.
doi: 10.1016/B978-012436643-5/50129-2
73. Scheller EL, Doucette CR, Learman BS, CawthornWP, Khandaker S, Schell B,
et al. Region-specific variation in the properties of skeletal adipocytes reveals
regulated and constitutive marrow adipose tissues. Nat Commun. (2015)
6:7808. doi: 10.1038/ncomms8808
74. Attané C, Estève D, Chaoui K, Iacovoni J, Corre J, Moutahir M, et al.
Yellow adipocytes comprise a new adipocyte sub-type present in human
bone marrow. bioRxiv. (2019) 2019:641886. doi: 10.1101/641886
75. Hardouin P, Marie PJ, Rosen CJ. New insights into bone marrow adipocytes:
report from the First European Meeting on Bone Marrow Adiposity. (BMA
2015). Bone. (2016) 93:212–5. doi: 10.1016/j.bone.2015.11.013
76. van der Eerden B, van Wijnen A. Meeting report of the 2016
bone marrow adiposity meeting. Adipocyte. (2017) 6:304–13.
doi: 10.1080/21623945.2017.1313374
77. Friedlis MF, Centeno CJ. Performing a better bone marrow aspiration. Phys
Med Rehabil Clin N Am. (2016) 27:919–39. doi: 10.1016/j.pmr.2016.06.009
78. Holton J, Imam MA, Snow M. Bone marrow aspirate in the treatment of
chondral injuries. Front Surg. (2016) 3:33. doi: 10.3389/fsurg.2016.00033
79. Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell.
(2014) 156:20–44. doi: 10.1016/j.cell.2013.12.012
80. Sulston RJ, Cawthorn WP. Bone marrow adipose tissue as an endocrine
organ:close to the bone? Horm Mol Biol Clin Investig. (2016) 28:21–38.
doi: 10.1515/hmbci-2016-0012
81. Laharrague P, Larrouy D, Fontanilles AM, Truel N, Campfield A,
Tenenbaum R, et al. High expression of leptin by human bone
marrow adipocytes in primary culture. FASEB J. (1998) 12:747–52.
doi: 10.1096/fasebj.12.9.747
82. Laharrague P, Truel N, Fontanilles AM, Corberand JX, Penicaud L, Casteilla
L. Regulation by cytokines of leptin expression in human bone marrow
adipocytes. Horm Metab Res. (2000) 32:381–5. doi: 10.1055/s-2007-978658
83. Ryden M, Dicker A, Gotherstrom C, Astrom G, Tammik C, Arner P,
Le Blanc K. Functional characterization of human mesenchymal stem
cell-derived adipocytes. Biochem Biophys Res Commun. (2003) 311:391–7.
doi: 10.1016/j.bbrc.2003.10.010
84. Cawthorn WP, Scheller EL, Learman BS, Parlee SD, Simon BR, Mori H,
et al. Bone marrow adipose tissue is an endocrine organ that contributes
to increased circulating adiponectin during caloric restriction. Cell Metab.
(2014) 20:368–75. doi: 10.1016/j.cmet.2014.06.003
85. Scheller EL, Burr AA, MacDougald OA, Cawthorn WP. Inside out:Bone
marrow adipose tissue as a source of circulating adiponectin. Adipocyte.
(2016) 5:251–69. doi: 10.1080/21623945.2016.1149269
86. Holt V, Caplan AI, Haynesworth SE. Identification of a subpopulation
of marrow MSC-derived medullary adipocytes that express osteoclast-
regulating molecules:marrow adipocytes express osteoclast mediators. PLoS
ONE. (2014) 9:e108920. doi: 10.1371/journal.pone.0108920
87. Fan Y, Hanai JI, Le PT, Bi R, Maridas D, DeMambro V, et al. Parathyroid
hormone directs bone marrow mesenchymal cell fate. Cell Metab. (2017)
25:661–72. doi: 10.1016/j.cmet.2017.01.001
88. Takeshita S, Fumoto T, Naoe Y, Ikeda K. Age-related marrow adipogenesis
is linked to increased expression of RANKL. J Biol Chem. (2014) 289:16699–
710. doi: 10.1074/jbc.M114.547919
89. Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, et
al. Adipocyte accumulation in the bone marrow during obesity and aging
impairs stem cell-based hematopoietic and bone regeneration. Cell Stem Cell.
(2017) 20:771–84.e6. doi: 10.1016/j.stem.2017.02.009
90. Zhou BO, Yu H, Yue R, Zhao Z, Rios JJ, Naveiras O, et al. Bone marrow
adipocytes promote the regeneration of stem cells and haematopoiesis by
secreting SCF. Nat Cell Biol. (2017) 19:891–903. doi: 10.1038/ncb3570
91. Laharrague P, Fontanilles AM, Tkaczuk J, Corberand JX, Penicaud L,
Casteilla L. Inflammatory/haematopoietic cytokine production by human
bone marrow adipocytes. Eur Cytokine Netw. (2000) 11:634–9.
92. Gasparrini M, Rivas D, Elbaz A, Duque G. Differential expression of
cytokines in subcutaneous and marrow fat of aging C57BL/6J mice. Exp
Gerontol. (2009) 44:613–8. doi: 10.1016/j.exger.2009.05.009
93. Ferland-McCollough D, Maselli D, Spinetti G, Sambataro M, Sullivan
N, Blom A, Madeddu P. MCP-1 feedback loop between adipocytes and
mesenchymal stromal cells causes fat accumulation and contributes to
hematopoietic stem cell rarefaction in the bone marrow of patients with
diabetes. Diabetes. (2018) 67:1380–94. doi: 10.2337/db18-0044
94. Mattiucci D, Maurizi G, Izzi V, Cenci L, Ciarlantini M, Mancini S, et al. Bone
marrow adipocytes support hematopoietic stem cell survival. J Cell Physiol.
(2018) 233:1500–11. doi: 10.1002/jcp.26037
95. Miggitsch C, Meryk A, Naismith E, Pangrazzi L, Ejaz A, Jenewein B, et al.
Human bone marrow adipocytes display distinct immune regulatory
properties. EBioMed. (2019) 46:387–98. doi: 10.1016/j.ebiom.2019.
07.023
96. Tran MA, Dang TL, Berlan M. Effects of catecholamines on free fatty acid
release from bone marrow adipose tissue. J Lipid Res. (1981) 22:1271–6.
97. Tran MA, Lac DT, Berlan M, Lafontan M. Interplay of alpha-2 and beta
adrenoceptors in the control of free fatty acid release from bone marrow
adipose tissue. J Pharmacol Exp Ther. (1984) 230:228–31.
98. Scheller EL, Khandaker S, Learman BS, Cawthorn WP, Anderson
LM, Pham HA, et al. Bone marrow adipocytes resist lipolysis and
remodeling in response to β-adrenergic stimulation. Bone. (2018) 118:32–41.
doi: 10.1016/j.bone.2018.01.016
99. Veldhuis-Vlug AG, Rosen CJ. Clinical implications of bone marrow
adiposity. J Intern Med. (2018) 283:121–39. doi: 10.1111/joim.12718
100. Sebo ZL, Rendina-Ruedy E, Ables GP, Lindskog DM, Rodeheffer MS, Fazeli
PK, et al. Bone marrow adiposity:basic and clinical implications. Endocr Rev.
(2019) 40:1187–206. doi: 10.1210/er.2018-00138
101. Cannon B, Nedergaard J. Brown adipose tissue:function and physiological
significance. Physiol Rev. (2004) 84:277–359. doi: 10.1152/physrev.
00015.2003
102. Krings A, Rahman S, Huang S, Lu Y, Czernik PJ, Lecka-Czernik B.
Bone marrow fat has brown adipose tissue characteristics, which
are attenuated with aging and diabetes. Bone. (2012) 50:546–52.
doi: 10.1016/j.bone.2011.06.016
103. Rahman S, Lu Y, Czernik PJ, Rosen CJ, Enerback S, Lecka-Czernik B.
Inducible brown adipose tissue, or beige fat, is anabolic for the skeleton.
Endocrinology. (2013) 154:2687–701. doi: 10.1210/en.2012-2162
104. Dezso Z, Nikolsky Y, Sviridov E, Shi W, Serebriyskaya T, Dosymbekov D, et
al. A comprehensive functional analysis of tissue specificity of human gene
expression. BMC Biol. (2008) 6:49. doi: 10.1186/1741-7007-6-49
Frontiers in Endocrinology | www.frontiersin.org 19 January 2020 | Volume 10 | Article 923
Bravenboer et al. BMA Nomenclature
105. Thorrez L, Van Deun K, Tranchevent LC, Van Lommel L, Engelen K,
Marchal K, et al. Using ribosomal protein genes as reference:a tale of caution.
PLoS ONE. (2008) 3:e1854. doi: 10.1371/journal.pone.0001854
106. Liu LF, Shen WJ, Ueno M, Patel S, Kraemer FB. Characterization of age-
related gene expression profiling in bonemarrow and epididymal adipocytes.
BMC Genom. (2011) 12:212. doi: 10.1186/1471-2164-12-212
107. Craft CS, Robles H, Lorenz MR, Hilker ED, Magee KL, Andersen
TL, et al. Bone marrow adipose tissue does not express UCP1 during
development or adrenergic-induced remodeling. Sci Rep. (2019) 9:17427.
doi: 10.1038/s41598-019-54036-x
108. Suchacki KJ, Tavares AS, Mattiucci D, Scheller EL, Papanastasiou G, Gray
C, Sinton MC, et al. Bone marrow adipose tissue is a unique adipose
subtype with distinct roles in systemic glucose homeostasis. bioRxiv. (2019)
2019:673129. doi: 10.1101/673129
109. Scheller EL, Cawthorn WP, Burr AA, Horowitz MC, MacDougald OA.
Marrow adipose tissue:trimming the fat. Trends Endocrinol Metab. (2016)
27:392–403. doi: 10.1016/j.tem.2016.03.016
110. Vernon RG, Flint DJ. ADIPOSE TISSUE|Structure and function of white
adipose tissue. In: Caballero B, editor. Encyclopedia of Food Sciences
and Nutrition, 2nd Edn. Oxford: Academic Press (2003). p. 23–9.
doi: 10.1016/B0-12-227055-X/00007-9
111. Yap ES, Koh PL, Ng CH, de Mel S, Chee YL. A bone marrow
aspirate and trephine simulator. Simulation Healthcare. (2015) 10:245–8.
doi: 10.1097/SIH.0000000000000092
112. CawthornWP, Scheller EL. Editorial: bone marrow adipose tissue:formation,
function, and impact on health and disease. Front Endocrinol. (2017) 8:112.
doi: 10.3389/fendo.2017.00112
113. Craft CS, Li Z, MacDougald OA, Scheller EL. Molecular differences between
subtypes of bone marrow adipocytes. Curr Mol Biol Rep. (2018) 4:16–23.
doi: 10.1007/s40610-018-0087-9
114. Scheller EL, Rosen CJ. What’s the matter with MAT? Marrow adipose tissue,
metabolism, and skeletal health. Ann N Y Acad Sci. (2014) 1311:14–30.
doi: 10.1111/nyas.12327
115. Cawthorn WP, Scheller EL, Parlee SD, Pham HA, Learman BS, Redshaw
CM, et al. Expansion of bone marrow adipose tissue during caloric
restriction is associated with increased circulating glucocorticoids
and not with hypoleptinemia. Endocrinology. (2016) 157:508–21.
doi: 10.1210/en.2015-1477
116. Sulston RJ, Learman BS, Zhang B, Scheller EL, Parlee SD, Simon BR,
et al. Increased circulating adiponectin in response to thiazolidinediones:
investigating the role of bone marrow adipose tissue. Front Endocrinol.
(2016) 7:128. doi: 10.3389/fendo.2016.00128
117. McIlroy GD, Suchacki K, Roelofs AJ, Yang W, Fu Y, Bai B, et al. Adipose
specific disruption of seipin causes early-onset generalised lipodystrophy and
altered fuel utilisation without severe metabolic disease.Mol Metabol. (2018)
10:55–65. doi: 10.1016/j.molmet.2018.01.019
118. Bianco P, Robey PG. Skeletal stem cells. Development. (2015) 142:1023–7.
doi: 10.1242/dev.102210
119. Owen M, Friedenstein AJ. Stromal stem cells:marrow-derived
osteogenic precursors. Ciba Found Symp. (1988) 136:42–60.
doi: 10.1002/9780470513637.ch4
120. Kuznetsov SA, Krebsbach PH, Satomura K, Kerr J, Riminucci M, Benayahu
D, Robey PG. Single-colony derived strains of human marrow stromal
fibroblasts form bone after transplantation in vivo. J Bone Miner Res. (1997)
12:1335–47. doi: 10.1359/jbmr.1997.12.9.1335
121. Friedenstein AJ, Chailakhyan RK, Latsinik NV, Panasyuk AF,
Keiliss-Borok IV. Stromal cells responsible for transferring the
microenvironment of the hemopoietic tissues. Cloning in vitro
and retransplantation in vivo. Transplantation. (1974) 17:331–40.
doi: 10.1097/00007890-197404000-00001
122. Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S, Saggio
I, et al. Self-renewing osteoprogenitors in bone marrow sinusoids can
organize a hematopoietic microenvironment. Cell. (2007) 131:324–36.
doi: 10.1016/j.cell.2007.08.025
123. Ambrosi TH, Longaker MT, Chan CK. A revised perspective of skeletal stem
cell biology. Front Cell Dev Biol. (2019) 7:189. doi: 10.3389/fcell.2019.00189
124. Caplan AI. Mesenchymal stem cells. J Orthop Res. (1991) 9:641–50.
doi: 10.1002/jor.1100090504
125. Caplan AI. All MSCs are pericytes? Cell Stem Cell. (2008) 3:229–30.
doi: 10.1016/j.stem.2008.08.008
126. Sacchetti B, Funari A, Remoli C, Giannicola G, Kogler G, Liedtke S, et
al. No identical “Mesenchymal Stem Cells” at different times and sites:
human committed progenitors of distinct origin and differentiation potential
are incorporated as adventitial cells in microvessels. Stem Cell Rep. (2016)
6:897–913. doi: 10.1016/j.stemcr.2016.05.011
127. Jacobs FA, Sadie-Van Gijsen H, van de Vyver M, Ferris WF.
Vanadate impedes adipogenesis in mesenchymal stem cells derived
from different depots within bone. Front Endocrinol. (2016) 7:108.
doi: 10.3389/fendo.2016.00108
128. Jacobs FA, van de Vyver M, Ferris WF. Isolation and characterization of
different mesenchymal stem cell populations from rat femur. Methods Mol
Biol. (2019) 1916:133–47. doi: 10.1007/978-1-4939-8994-2_13
129. MacCord K. Mesenchyme. In: University AS, editor. Embryo Project
Encyclopedia. (2012). Available online at: https://embryo.asu.edu/pages/
mesenchyme
130. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells
reside in virtually all post-natal organs and tissues. J Cell Sci. (2006)
119:2204–13. doi: 10.1242/jcs.02932
131. Parfitt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche H, Meunier PJ,
et al. Bone histomorphometry:standardization of nomenclature, symbols,
and units. Report of the ASBMR Histomorphometry Nomenclature
Committee. J Bone Miner Res. (1987) 2:595–610. doi: 10.1002/jbmr.56500
20617
132. Horowitz MC, Berry R, Holtrup B, Sebo Z, Nelson T, Fretz
JA, et al. Bone marrow adipocytes. Adipocyte. (2017) 6:193–204.
doi: 10.1080/21623945.2017.1367881
133. Roche B, David V, Vanden-Bossche A, Peyrin F, Malaval L, Vico L,
et al. Structure and quantification of microvascularisation within mouse
long bones:what and how should we measure? Bone. (2012) 50:390–9.
doi: 10.1016/j.bone.2011.09.051
134. Lundberg LG, Lerner R, Sundelin P, Rogers R, Folkman J, Palmblad J.
Bone marrow in polycythemia vera, chronic myelocytic leukemia, and
myelofibrosis has an increased vascularity. Am J Pathol. (2000) 157:15–9.
doi: 10.1016/S0002-9440(10)64511-7
135. Kerckhofs G, Stegen S, van Gastel N, Sap A, Falgayrac G, Penel G,
et al. Simultaneous three-dimensional visualization of mineralized
and soft skeletal tissues by a novel microCT contrast agent
with polyoxometalate structure. Biomaterials. (2018) 159:1–12.
doi: 10.1016/j.biomaterials.2017.12.016
136. Gomariz A, Helbling PM, Isringhausen S, Suessbier U, Becker A, Boss A,
et al. Quantitative spatial analysis of haematopoiesis-regulating stromal cells
in the bone marrow microenvironment by 3D microscopy. Nat Commun.
(2018) 9:2532. doi: 10.1038/s41467-018-04770-z
137. Yeung DK, Griffith JF, Antonio GE, Lee FK, Woo J, Leung PC. Osteoporosis
is associated with increased marrow fat content and decreased marrow fat
unsaturation:a protonMR spectroscopy study. J Magn Reson Imaging. (2005)
22:279–85. doi: 10.1002/jmri.20367
138. Baum T, Yap SP, Karampinos DC, Nardo L, Kuo D, Burghardt AJ, et al.
Does vertebral bone marrow fat content correlate with abdominal adipose
tissue, lumbar spine bone mineral density, and blood biomarkers in women
with type 2 diabetes mellitus? J Magn Reson Imaging. (2012) 35:117–24.
doi: 10.1002/jmri.22757
139. Patsch JM, Li X, Baum T, Yap SP, Karampinos DC, Schwartz AV, et al. Bone
marrow fat composition as a novel imaging biomarker in postmenopausal
women with prevalent fragility fractures. J BoneMiner Res. (2013) 28:1721–8.
doi: 10.1002/jbmr.1950
140. Bredella MA, Fazeli PK, Daley SM, Miller KK, Rosen CJ, Klibanski A, et
al. Marrow fat composition in anorexia nervosa. Bone. (2014) 66:199–204.
doi: 10.1016/j.bone.2014.06.014
141. Huovinen V, Viljakainen H, Hakkarainen A, Saukkonen T, Toiviainen-Salo
S, Lundbom N, et al. Bone marrow fat unsaturation in young adults is
not affected by present or childhood obesity, but increases with age: a
pilot study. Metabolism. (2015) 64:1574–81. doi: 10.1016/j.metabol.2015.
08.014
142. Singhal V, Bredella MA. Marrow adipose tissue imaging in humans. Bone.
(2019) 118:69–76. doi: 10.1016/j.bone.2018.01.009
Frontiers in Endocrinology | www.frontiersin.org 20 January 2020 | Volume 10 | Article 923
Bravenboer et al. BMA Nomenclature
143. Zebaze R, Osima M, Bui M, Lukic M, Wang X, Ghasem-Zadeh A,
et al. Adding marrow adiposity and cortical porosity to femoral neck
areal bone mineral density improves the discrimination of women with
nonvertebral fractures from controls. J Bone Miner Res. (2019) 34:1451–60.
doi: 10.1002/jbmr.3721
144. Bredella MA, Daley SM, Kalra MK, Brown JK, Miller KK, et al. Marrow
adipose tissue quantification of the lumbar spine by using dual-energy
CT and single-Voxel. (1)H MR spectroscopy:a feasibility study. Radiology.
(2015) 277:230–5. doi: 10.1148/radiol.2015142876
145. Arentsen L, Hansen KE, Yagi M, Takahashi Y, Shanley R, McArthur A, et al.
Use of dual-energy computed tomography to measure skeletal-wide marrow
composition and cancellous bone mineral density. J Bone Miner Metab.
(2017) 35:428–36. doi: 10.1007/s00774-016-0796-1
146. Xiao Z, Cao L, Liang Y, Huang J, Stern AR, Dallas M, et al. Osteoblast-specific
deletion of Pkd2 leads to low-turnover osteopenia and reduced bone marrow
adiposity. PLoS ONE. (2014) 9:e114198. doi: 10.1371/journal.pone.01
14198
147. Khoury BM, Bigelow EM, Smith LM, Schlecht SH, Scheller EL,
Andarawis-Puri N, et al. The use of nano-computed tomography to
enhance musculoskeletal research. Connect. Tissue Res. (2015) 56:106–19.
doi: 10.3109/03008207.2015.1005211
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Bravenboer, Bredella, Chauveau, Corsi, Douni, Ferris, Riminucci,
Robey, Rojas-Sutterlin, Rosen, Schulz and Cawthorn. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Endocrinology | www.frontiersin.org 21 January 2020 | Volume 10 | Article 923
